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ABSTRACT 
A number of novel water-dispersible and solution polyurethanes were prepared 
via the prepolymer mixing process. The principal diisocyanate, polyols and enmlsifier 
used in these studies were isophorone diisocyanate (IPDI), polytetrahydrofuran diol 
(PTHF), cyclohexane dimethanol (CHDM) and 2,2-bis(hydroxymethyl) propionic acid 
(DMPA), respectively. The carboxylic acid groups of the emulsifier were neutralised 
with either an organic base (triethylanrine) or an inorganic base (sodium or potassium 
hydroxide). The dispersion molecular weight was built up through chain extension by 
use of aliphatic diamine chain extenders (hydrazine monohydrate, carbodihydrazide or 
adipic dihydrazide). The dispersions studied remained stable throughout the period of 
the research. 
Structure-property studies were carried out on polyurethanes of sirnilar 
composition prepared in solution (THF) and in water. The effect of the degree of 
chain extension on the molecular weight of the dispersions, in addition to the physical 
properties and morphology, were investigated for hydrazine monohydrate, 
carbodihydrazide and adipic dihydrazide derived systems. Variations in the polyol, 
polyol molecular weight, ionic component and the diisocyanate used and their effect on 
the polyurethane properties were also investigated. The effects of the neutralising 
counter-ion and the degree of neutralisation were investigated in addition to a study of 
the effect of the hard segment content for samples prepared with a PTHF soft segment 
of molecular weight 2000. 
Each dispersion was thoroughly examined and characterised according to their 
appearance, pH, Viscosity and particle size. The DMPA content is well documented as 
being a primary factor with respect to the dispersion stability, but also significantly 
affects the pH, viscosity and particle size of the dispersion. Hence, for purposes of the 
studies described here the DMPA component remained constant so that this could be 
neglected from the discussion of the results obtained. 
In a subsequent examination of the polyurethane films, differential scanning 
calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), Fourier transform 
infra-red spectroscopy (FT-IR), tensile testing and solvent resistance were employed 
for the study of the solid state morphology and physical properties of the cast films. 
IV 
The resuhs obtained suggest tbat tbe advantages of water-based polyuretbane 
dispersions over more conventional solvent-borne systems lies in tbe molecular weight 
(chain extension) achievable in water. Hence, this was found to affect significantly tbe 
solid state properties of comparable water-borne and solvent-borne systems. Variation 
of tbe polyol and its molecu1ar weight, and tbe diisocyanate types resuhed in 
polyuretbanes of considerably different properties and morphologies. It was 
discovered tbat synergistic properties could be achieved from tbe use of isocyanate 
blends. The degree of neutra1isation and tbe counter-ion employed contnouted to a 
range of colloidal properties. Hard segment content was also found to be contributory 
to tbe differing properties and morphologies encountered for PTIlF2000 based 
polyuretbanes. 
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CIlAYfER 1 INTRODUCTION TO POLYURETHANES 
1.1 Polyurethanes 
Polyurethanes are a group of polymers that possess highly versatile properties 
and for this reason they find use in a wide range of applications. Control of the 
segmental and domain structure (1) allows a high degree of flexibility with respect to 
the applications where polyurethanes can be ·used. The structure of the polyurethane 
combines fleXIbility with high strength and wear resistance and these properties can be 
varied considerably by careful selection of the raw materials, their relative proportions 
and processing conditions (2). Hence, polyurethanes can be used as foams, elastomers, 
plastics, adhesives and coatings (3). However, polyurethane foams are most 
commonly encountered in such industries as the automotive, furniture, building 
construction, recreation and footwear industries (4). The term 'polyurethane' is 
misleading. Although the urethane groups are present, they are rarely the major 
constituent of the polymer. Depending on the raw materials and conditions used, the 
polymer chain may consist of a number of groups (4) such as ether, ester, urethane, 
urea, alIophanate, biuret, carbodiimide etc .. 
1.2 A brief history of polyurethanes 
Much of the early work on the development of polyurethanes was carried out 
around the time of the Second World War. However, the background of the urethane 
reaction was established by Wurtz in 1848 (5). Bayer (6) also carried out extensive 
work in this area and in 1937 made an elastomer by reacting tolylene diisocyanate with 
a number ofpolyols. Work on polyurethanes quickly developed in the 1940's because 
of the ease of these reactions and the prospect of using a range of raw materials to 
obtain very different properties. In the early 1940's, hydroxy-terminated polyesters 
and polyester amides were used for the first time in conjunction with polyurethanes and 
Vulcaprene A (7), an e1astomeric polyurethane, was developed. The Germans also 
developed Vulkallan N (8), another elastomer, the reaction product of a diisocyanate 
and a polyester polyol. These products laid the foundations for the rapid development 
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of a range of elastomers. Also, in the late 1940's, development of foams became 
predominant after much work by the Germans and more· specifically Bayer and 
Hennecke. Eventually, polyether polyols were employed in rigid foams. 
Early efforts to extend the use of polyurethanes into the coatings industry 
initially commenced in the mid 1940's with the introduction of urethane oils. 
However, their instability and poor exterior durability restricted their use. In fact, it 
was not until the 1960's that polyurethanes found any substantial use as surface 
coatings. By the 1960's, the range of diisocyanates and hydroxy-containing 
components had been extended, and, hence, design of polyurethanes in order to 
comply with strict property guidelines could be conducted. These early polyurethane 
coatings were supplied as solutions in organic solvents such as acetone, TIIF and ethyl 
acetate. However, this resulted in the second setback to hit the polyurethane coatings 
industry. Tightening legislation regarding the release of solvent and other volatiles into 
the atmosphere were introduced in the late 1960's. To overcome these limitations of 
solvent-borne coatings and the growing cost of solvents, the paint industry moved 
towards water-borne ahematives. The progress in this area was slow because of the 
isocyanates reactivity towards water, but with the introduction of polyurethane 
dispersions in the early 1970's many of these fundamental problems were overcome. A 
number of techniques for the preparation of these systems were investigated (9) and 
are common place today in polyurethane dispersion preparation. The interest in 
polyurethane dispersions rapidly started to grow throughout the 1980's and 1990's. 
However, very little is still known about the structure-property relations of 
water-dispersible polyurethanes, though progress has been made in recent years. Few 
papers in the literature discuss the structure-property relationships of this group of 
polyurethanes. It is well established that by using a range of starting components a 
variety of properties may be tailored to suit many applications. Hence, it is imperative 
to develop an understanding of the factors that contribute to the structure and property 
development of these. Therefore, a fundamental knowledge of the interaction of 
structure, composition and morphology of the polyurethanes with mechanical 
properties and solvent resistance etc. should be thoroughly investigated. 
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1.3 Objectives of the research programme 
The objectives of the research were as follows. 
(a) To prepare a number ofanionica1ly stabi1ised polyurethanes in the form of 
dispersions and solutions, and compare the properties of these systems by thorough 
characterisation. 
(b) To prepare water-borne dispersions with the following constraints in order to 
establish trends observed as a consequence of each of the points outlined below. 
(i) The effect of the level of chain extension on the molecular weight, 
morphology and the properties of the aqueous prepared samples. 
(ii) The effect of the type of chain extender used during chain extension. 
(ill) The effect of the structure of the diisocyanate on the morphology and 
properties of comparable samples. 
(iv) The effect of the polyol and its molecular weight. 
(v) The effect of the ionic stabilising moiety. 
(vi) The effect of the hard segment content on the structure-property relations of 
samples. 
(vii) The effect of the type of neutralising agent and the degree of neutralisation. 
(c) To characterise the above samples with respect to their colloidal and solid state 
properties. Particular attention will be paid to acquiring a knowledge of the differing 
morphologies and their relation to the properties observed for the samples outlined in 
(b). 
The colloidal properties of each sample will be examined by 
• pH 
• Viscosity 
• Particle size. 
The solid state properties will be investigated by the use of 
• Dynamic mechanical thermal analysis (OMTA) 
3 
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• Differential scanning calorimetry (DSC) / modulated temperature DSC (MTDSC) / 
thermal gravimetric analysis (TGA) 
• Fourier transform infra-red spectroscopy (FT-IR) 
• Tensile testing 
• Swelling 
• Solvent resistance 
• Gel permeation chromatography (GPC) 
In summary, figure I.! schematically outlines the objectives of the research 
programme. 
4 
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DIISOCYANATE + POlYOl + DIOl + IONIC SPECIES 
.. 
STUDY VARIABLES 
STUDY OF PREPOL YMER 
-infra-red spoctroscopy 
-gel permeation chrolTBtography 
-rheometry 
-hard segment content 
-type of diisocyanate -----+~ PREPOLYMER 
-polyoll polyol molecular weight 
ionic component 
FILM 
j 
FILM CHARACTERISATION 
-DMTA 
-DSC 
-!ensile properties 
-FT-IR 
-swelling 
-solvent resistance 
j 
POLYURElliANE DISPERSION 
STUDY VARIABLES 
-degree of chain extension 
-type of chain extender 
-degree of neulralisation 
-type of counterion 
-water-borne vs. solvent-borne COLLOIDAL 
j 
DISPERSION CHARACTERISATION 
-pH 
-particle size 
-rheometry 
Figure 1.1 Outline of the work to be carried out. 
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CIlAYl'ER 2 THE CHEMISTRY OF POLYURETHANES 
Polyurethanes are characterised by the linkage 
o 
11 
-NH-C-O 
However, other groups such as ether, ester, biuret, aIIophanate, amide and 
others may be present in the polymer molecule. There are numerous methods of 
producing polyurethanes, but the most common is the reaction of di- or polyfunctional 
hydroxyl compounds with di- or polyfunctional isocyanates. When only difunctional 
reactants are used, linear products are produced. See figure 2.1. 
HO-R-OH + O=C=N-R'-N=C=O 
--+-o-R-o-KNB-R,-NB1'-----+-
n 
Figure 2.1 The synthesis of polyurethanes by polyaddition 
If the functiona1ity of one of the reactants is increased, then branched or cross1inked 
polymers are formed. The properties of the resultant polymer are dependent primarily 
upon molecular weight (I), degree of crosslinking (2), stiffuess of segment.chains (3), 
and crystallinity (4). Polyurethanes can have many structural variations which make 
them very versatile, and hence find use in a range of areas including, flexible and rigid 
foams, surface coatings, elastomers, Spandex, and others. 
2.1 COMMON REACTIONS OF ISOCYANATES 
The two cumulative double bonds in the isocyanate group make them highly 
reactive. The isocyanate group can exist in a number of mesomeric forms shown 
below. 
-N=C=O 
7 
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The negative charge can also be delocalised into the aromatic ring of aromatic 
diisocyanates making them more reactive than aIiphatic and cycIoaIiphatic 
diisocyanates. Substituents on the aromatic ring also play an important role (5) in 
establishing the overall reactivity of the diisocyanate. Electron withdrawing groups, 
ie. inductive effect, in the ortho- and para- positions increase the reactivity of the 
NCO group. However, electron donating substituents lower its reactivity (6,7). 
The isocyanate group can react with both donor and electron acceptor groups 
(8). Nucleophiles (3) attack the positively charged carbon atom, where as 
electrophiles (3) attack the oxygen or nitrogen atoms. 
The most common reactions can be put into two main classes. 
(I) The reaction of isocyanates with compounds containing reactive hydrogens to 
give addition products. 
(ll) The self polyaddition polymerisation of isocyanates 
The former is best known, and the most common. These are summarised below. 
2.1.1 THE REACfION OF ISOCYANATES WITH COMPOUNDS 
CONTAINING REACTWE HYDROGENS TO GIVE POLYADDITION 
PRODUCTS. 
a) Reaction with hydroxyl compounds 
R-NCO + R'-OH R-NH-CO-O-R' 
lsocyanate Hydroxyl compound Urethane 
This reaction is the basic reaction fortiiethane synthesis. The reaction can take place 
with or without the use of catalysts, though this can take a few hours for complete 
reaction with a primary alcohol Hence, organotin compounds (9) are Ilsually used to 
catalyse the reaction. Primary alcohols react with the isocyanate more quickly than 
secondary and tertiary alcohol (10). 
b) Reaction with amine compounds 
R-NCO 
lsocyanate 
+ R'-NH2 
Amine compund 
--+ R-NH-CO-NH·R' 
Urea 
This reaction of the isocyanate with amine compounds is very important (3) as it is 
commonly used to promote chain extension and crosslinking of the polyurethane. This 
8 
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resuhs in high molecular weight polyurethanes being prepared. The reaction of the 
isocyanate with a primary amine is considerably faster (10) than that with a primary 
alcohol. The reactivity of the amine increases with the basicity of the amine (6), and 
aliphatic amines react faster than aromatic amines (11). 
c) Reaction with water 
R-NCO + H20 ~ [R-NH-COOH] ~ R-NH2 + c~t 
Isocyanate Water Unstable C31bamic acid amine 
+ R'-NCO ~ R-NH-CO-NH-R' 
Di-substituted urea 
This reaction is very important in the polyurethane foam industry as carbon dioxide is 
given off as a by-product with the decomposition of the unstable carbamic acid 
compound. The amine formed from the reaction can also take part in further reactions 
with free isocyanates, as outlined in (b), to form di-substituted ureas (5). However, 
the isocyanate-water reaction is sometimes undesirable especially in cast films. At 
room temperature, the reaction with water is significantly slower than with amines (9) 
and alcohols (9). The isocyanate-water reaction can be catalysed by use of tertiary 
amines (9). 
d) Reaction with carboxylic acid 
R-NCO + R'-COOH 
lsocyanate Carboxylic acid 
[R-NH-CO-O-CO-R'] 
Unstable compound 
..l- T> 60'C 
R-NH-CO-R' + co2t 
Amide 
Generally, this is an undesirable reaction and effort is made to avoid it. The reaction 
itself is very slow (10) in comparison to reactions with primary amines and alcohols, 
and water. The rate of the reaction is dependent upon the strength of the acid (12). 
The reaction can be catalysed by use of tertiary amines, cobalt, ferric and nickel 
compounds (9). 
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These reactions (a-d) are referred to as the "primary polyaddition" reactions of 
isocyanates. These reactions are the backbone of polyurethane chemistry. In addition 
to these, isocyanates undergo further analogous reactions with the groups containing 
active hydrogens which are present in all the primary products mentioned above (3). 
These reactions can be responsible (13) for the introduction of branching and 
crosslinking of the polyurethane. These are outlined below. 
a) Reaction with urethane 
R-NCO + R'-NH-COO-R" --+ R'-N-CO-O-R" 
Urethane I 
R-NH-CO 
Allophanate 
This reaction (14) is very slow at room temprature, but in the presence of lead 
catalysts will take place quickly. 
b) Reaction with urea 
R-NCO + R'-NH-CO-NH-R" --+ R'-N-CO-NH-R" 
Urea I 
R-NH-CO 
Biuret 
Similarly, the reaction with urea (15) takes place very slowly at room temperature. 
However, in the presence of organotin compounds the reaction is catalysed and biuret 
formation is favourable (5). 
c) Reaction with amide 
R-NCO + R'-NHCO-R" --+ R'-N-CO-R" 
Amide I 
R-NH-CO 
Acyl urea 
These secondary reactions are less common. However, the formation of 
allophanates and biurets is responsible for crosslinking and branching, which has an 
important effect on polyurethane properties in many instances. 
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2.1.2 THE SELF ADDmON POLYMERISATION OF ISOCYANATES 
a) Dimerization of isocyanates 
2R-NCO 
~ 
A 
R-~ /-R 
V 
o 
Isocyanate dimer 
Reactions can take place between two isocyanate molecules to fonn dimers known as 
uretidinediones (3). This is best known with aromatic diisocyanates such as toluene 
diisocyanate. The reaction is catalysed by trialkylphosphines (16), but is suppressed by 
ortho substituents on the aromatic ring (16). The reaction is reversible and the dimer 
readily dissociates between temperatures of 150 to IS0°C (11). This reaction is useful 
for the formation of 'blocked' isocyanates. Here, the isocyanate can only take part in 
reactions at elevated temperatures. 
b) Trimerization of isocyanates 
3 R-NCO 
R 
Isocyanate trimer 
(isocyanurate) 
This is an irreversible reaction and the product, a isocyanurate, is stable at 150 to 
200°C, and up to 5.00°C in the absence of oxygen and traces of catalyst (17). The 
reaction readily takes place at room temperature in the presence of basic catalysts such 
as tertiary amines and lead compounds (IS). However, the reaction will also take 
place in the absence of a catalyst on vigorous heating (IS). The isocyanurate ring 
increases the thermal stability and stiffuess of polyurethanes (3). 
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c) Carbodiimides and uretoneimine formation 
2R-NCO ~ R-N=C=N-R + co2t 
Cartxxliimide 
R-N=C=N-R + R'-NCO ~ R-N-C=N-R 
I I 
O=C-N-R' 
Uretoneimine 
Carbodiimide bonds can be formed without the need for catalysts at temperatures of 
150 to 300°C (19). The reaction can be selectively catalysed by using phospholene 
oxides (20), so that the reaction then occurs at 100°C. These compounds are very 
useful as stabilisers, which increase the hydrolysis resistance of ester-derived 
polyurethanes. Shown in the second reaction profile is the reaction of carbodiimides 
with isocyanates to form uretoneimines (21). 
2.2 STRUCTURE - PROPERTY RELATIONSHIPS IN POLYURETHANES 
A polyurethane's structure can be manipulated in order for them to cover a 
wide range of properties. Besides the primary structure (composition, chain length, 
degree of branching, stiffuess etc.), the morphology of polyurethanes is determined to 
a high degree by the potential interaction between the polymer chains. 
2.2.1 SEGMENTED POLYURETHANES 
Most polyurethanes are composed of at least three basic components: 
- long chain polyether or polyester polyol 
- diisocyanate 
- glycol, water or diarnine (chain extender) 
Typical segmented polyurethanes e.g. elastomers, as well as fibres and coatings based 
on polyurethane polyureas, are predominantly linear. This is true for the crosslinked 
polyurethanes. Figure 2.2 shows the typical structure of a segmented polyurethane. 
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REPRESENTATION OF THE IDEAL PRIMARY STRUCTURE OF A 
SEGMENTED POLYURETHANE 
- Loog Cba ... DIoI 
-- DUsocyaoate 
• U rethane Grou p 
Figure 2.2 
2.2.2 HARD SEGMENTS 
These consist of urethane, urea, aIlophanate, biuret, and amide groups. These 
segments are very rigid and are held together (21) by hydrogen bonding between hard 
segments on adjacent chains. The mehing point is strongly influenced by the hard 
segment (22). Crystallinity and cohesion of the hard segment depends on the 
symmetry of the diisocyanate and the number of carbon atoms in the chain extender 
(23). Chain configuration models of the hard domains showing the secondary 
structure with hydrogen bonding have been established (24) by X-ray analysis. Also, 
SAXS and conformational analysis have been used recently in these investigations (25). 
From investigating a symmetric MDI and an asymmetric IDI, the effect of hard - soft 
sequence length was elucidated (26). The hard domains can sometimes be irregular 
(27), due to their distribution width (28) and to soft segments crossing the hard 
segment domains. The latter can represent 30% of the soft segment chains (29) and 
lead to incomplete segregation in the material. Annealing of the material below its 
melting point can result in a more regular hard segment conformation (30). The hard 
segment imparts higher modulus, tear and tensile strength to the polyurethane (31). 
2.2.3 SOFT SEGMENTS 
The soft segment Tg is usually clearly below OOC. It consists oflong flexible 
alkyl, alkoxy, or hydrocarbon chains. These are obtained from oligomeric polyols 
based on polyethers, polyesters, or other dihydroxy terminated polymers, such as 
poly(butadiene) diol (32). Molecular weight and structure determine the Tg of the soft 
segments. The mobility of the soft segments depends to a large extent on the chemical 
nature (33) and chain length (34). In order to obtain good elastomeric properties, 
especially high impact resistance, the soft segment should be amorphous and possess a 
13 
Chapter 2 The chemistry of polyurethanes 
low Tg (35). Phase separation increases with increasing length (36) and decreasing 
polarity (36) of the soft segment due to less hard segment / soft segment interaction. 
Using poly(butadiene) diol as the soft segment results in an optimum separation, even 
when amorphous IDI - butane diol hard segments are present (37). In products 
containing large amounts of hard segments, the mobility of the soft segments is 
reduced. Tensile strength, 300% modulus, and tear strength are substantially affected 
by the mehing point of the soft segment polyol (5). Increasing soft segment length and 
decreasing amount of hard segments, favour crystallisation (38) in linear 
polyurethanes. 
2.2.4 MOLECULAR INTERACTIONS 
In order to be able to predict the interactions and their effect on properties of 
polyurethanes, it is important to consider the differing cohesive forces of the individual 
groups. These are outlined in table 2.1. 
The groups with cohesive energies ofless than 12.6 kJmor' are referred to as 
being flexible because the freedom for rotation is high. These groups constitute the 
flexible segments of the polyurethane. Those groups possessing high cohesive 
energies, where rotation is hindered or can not take place, form the rigid segments in 
the polyurethane (39). 
Table 2.1 The cohesive energies of important groups (39) 
GROUP 
-CHr 
-0-
>C=O 
-O-CO-
-CJI4-
-CONH-
-OCONH-
-NHCONH-
COHESIVE ENERGY DESCRIPTION 
(kJ mor') 
2.85 methylene 
4.2 ether 
11.I carbonyl 
12.1 ester 
16.9 aromatic 
35.6 amide 
36.5 urethane 
50-100 urea 
An ester group in a polyurethane can readily hydrogen bond with neighbouring 
urethane groups which can dramatically effect the morphology of the polyurethane. 
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Aromatic rings in the polyurethane chain contnbute a high degree of stiffiless. 
However, the urea group has the highest cohesive energy as it contains two -NB 
moieties capable of hydrogen bonding. 
Urethane groups can readily form hydrogen bonds with other groups on 
adjacent chains, through the NB group (40). The NB groups preferentially interact 
with other urethane and urea carbonyls (41), but can also hydrogen bond less 
favourably with the ether and ester groups (42). Hydrogen bonding can also form 
between the NB group and the pi-electrons of aromatic rings (43). These bonds are 
significantly stronger than those bonds formed with ether oxygen atoms (43). 
Schneider and Clough (44) reported that hydrogen bonding in polyurethanes 
involves the urethane carbonyl and either the ether oxygen or ester carbonyl This they 
found to be dependent on the composition and the sample preparation. Inter-urethane 
bonding (44) tends to occur to a greater extent in polyether-based polyurethanes than 
in polyester polyurethanes. Generally, the strength of the interactions formed between 
NB groups, from the urethane and urea linkages, and carbonyl and ester groups are 
comparable (45). However, similar bonds with the ether oxygen are approximately six 
times weaker (45). 
In the solid state, all NH groups are hydrogen bonded at room temperature in 
both ether- and ester-derived polyurethanes (40). In polyesterurethanes, 
approximately 60% of the NH groups are bonded to the urethane C=O groups and 
40% to the ester groups (46). Polyetherurethanes tend to form stronger NB ..... O=C-
bonds, but in most cases this is negligible as a greater number of bonds with the ether 
oxygen take place. Sung et al. (47) suggested that a higher mehing point of the rigid 
segments and lower glass transition temperature of the flexible segments resuhed from 
increasing numbers of hydrogen bonded C=O groups in the polyurethane. 
This ability to hydrogen bond observed in polyurethanes accounts for their high 
modulus of elasticity. Hence, a high degree of rigidity can be achieved whilst uniquely 
maintaining a high degree of elasticity (48). Orientation of the polymer chains can also 
result in increasing strength due to straightening of the flexible polymer chains (49). 
2.3 POLYURETHANE MORPHOLOGY 
The properties of PUs are mainly determined by the molecular architecture and 
composition of the hard and soft segments. The hard segments in PUs strongly 
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interact with one another by hydrogen bonding, and generaJly do not mix with the less 
polar soft segments. It has already been shown in the previous section that this can 
resuh in separate hard and soft domains developing, to form a segregated PU where a 
two-phase structure exists (50). These hydrogen bonds act as physical crosslinks and 
they play a role simi1ar to a reinforcing filler (51). See figure 2.3. 
Figure 2.3 The structure of domains in segmented polyurethanes: shaded area 
(hard domains), - (rigid segments), -(flexible segments) (5) 
The hard domains consisting of ordered rigid segments intermingle with a 
continuous flexible phase. It is well known that the mechanical properties of PU 
elastomers are largely dependent on the degree of microphase segregation (52). The 
more distinct the separation between the hard and soft domains, the lower the polymer 
T 8 and the greater the low temperature_stability._. However, annealing increases the 
mutual miscibility of the phases in the PU and the T8 increases (53,54). The degree of 
this phase separation, and, hence, the physical properties, have been reviewed (55-60) 
and found to depend on the type of isocyanate, the soft segment length, the size of the 
rigid domains, the type of chain extender, the reaction pressure (60) and the thermal 
history of the polymer. The elucidation and control of PU morphology is highly 
complex and has been the subject of many studies (56,58,61-63). Various techniques 
have been employed in the study of phase-separated PUs. Small-angle X-ray scattering 
(SAXS) has successfully been used to determine the extent of phase separation and 
interphase thickness (64,65). Information has also been obtained by usiog wide-angle 
X-ray scattering (W AXS) studies on the crystalline structure, size and degree of 
perfection of the domains (66-68). Infra-red spectroscopy (IR) data (69-72) have 
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provided information on the degree of phase separation and crystallinity by 
examination of hydrogen bonding between hard segments and hard-soft segments, and 
through identification of specific bands sensitive to the molecular environment. 
Differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis 
(DMTA) have proved to be important tools to elucidate phase segregation by 
identification of segment Tss (64,73). Determination of soft segment, T .... in relation 
to that of the pure polyol is indicative of the degree of segmental mixing. Recently, an 
interesting study was carried out to examine the reaction kinetics and structure 
development using simultaneously SAXS and Fourier Transform 1R spectroscopy (74). 
It was ascertained that phase separation, and not hydrogen bonding, is the driving 
force for property development in polyurethanes. It has also been discovered that the 
Ts of the soft segment decreases logrithmically during phase separation (75) and that 
the kinetics of phase separation is a first order process (76). 
The flexible segments are randomly distributed throughout the bulk of the 
polymer making the soft domains isotropic and amorphous. However, the hard 
segments artange perpendicular to the longitudinal axis of the hard domains making 
them 'anisotropic (77). Wilkes et a1. (78) examined hard domain size in a number of 
model polyetherurethanes and polyesterurethanes and discovered the hard segment 
sizes to be 5 to IOnm and 3 to 10 run, respectively. Bonart (65) continuing the study 
of ether and ester-derived PUs determined that there was a greater extent of 
microphase separation in polyetherurethanes. Increasing compatibility of esters due to 
the strong interaction of the ester oxygen with the urethane groups lowers the degree 
of segregation in this class of polymer. 
The effect of straining PUs on the morphology has also been investigated by a 
number of workers (79,80). Estes et a1. (58) discovered that at low strain levels bonds 
in the soft segments were cleaved while bonding in the hard domains was unaffected. 
In fact, the hard segments did not start to break up until elongations of 300%. He 
concluded that on stretching a PU elastomer it is initially the flexible segments that 
become stressed resulting in disentanglement. Further stretching of the soft segments 
leads to alignment of the hard domains along the direction of strain. This arrangement 
can exist up to elongations of 200%, after which further elongation results in the 
supramolecular structure being destroyed. This is highlighted in figure 2.4. 
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Figure 2.4 The result of stretching on the supra molecular structure of a typical 
polyurethane (5) 
It has been demonstrated that stretching a PU can lead to the existence of 
crystalline flexible segments, if their molecular weight is greater than 1000 (81). 
Polyether-based PUs have been found to crystal1ise at elongations of 150% and over, 
but ester-based analogues show a lower tendency to crystallise (82). Increasing 
crystallizabi1ity has been found to arise from a more regular fleXIble chain structure, 
and crystalline soft segments reinforce the hard domains and an increase in tensile 
strength results (83). In a number of PUs, where microphase separation is almost 
complete, crystallinity may occur and a spherulitic structure develops (84). Increasing 
spherulite radii were found to result in better phase separation (85). This spherulitic 
structure may form in either the hard or soft domains, if either is present in high 
enough number. The presence of the spherulitic structure improves the thermal 
stability of the polymer (86). 
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2.4 THE EFFECf OF CHEMICAL STRUCTURE AND COMPOSITION 
ON THE PROPERTIES OF POLYURETHANES 
2.4.1 ISOCYANATES 
Some of the more commonly encountered diisocyanates used in the preparation of 
polyurethanes, as well as those relevant to the study detailed here, are listed in table 
2.2 below and figures 2.5 and 2.6. 
Table 2.2 Diisocyanates used in polyurethane preparation 
Isocyanlllc i\hhre\'. 
Isophorone diisocyanate IPDI 
Tetramethylxylene diisocyanate TMXDI 
4,4' -methylenebis( cyclohexyl isocyanate) Hl:zMDI 
4,4'-methylenebis(phenyl isocyanate) MDI 
Toluene diisocyanate IDI 
Hexamethylene diisocyanate HOI 
Isocyanates are the major constituent of the rigid segments of the 
polyurethanes. Increasing symmetry of the isocyanate, has been found to increase the 
following properties (5): the ability to crystallise, microphase separation, moduIns of 
elasticity, tensile strength, hardness and rubbing resistance. From isocyanates of a 
more regular structure, and with a bulkier aromatic residue, improved strength 
polyurethanes are obtained. 
Early studies concentrated on polyurethanes derived from IDI and MDI 
because of their excellent properties (87). The polyurethane resin produced from the 
symmetrical 2,6 - IDI and an oligoetherol with molecular weight of 1000 exhibits a 
highly ordered domain structure of readily crystallising rigid segments (88 - 91). 
Increasing the molecular weight of the oligoetherol from 1000 to 2000 brings 
about phase separation in the polyurethane resin made from the 2,4 • IDI, and an 
enhanced phase separation in the polyurethane resin based on 2,6 - IDI up to the 
incipient crystallisation of the flexible segments (5). The Tg of the flexible segments is 
a sensitive measure of the degree of phase separation. The thermal and strength 
properties of polyurethane resins increase in the following order for the isocyanates 
normally used in their synthesis (92). 
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HMDI > MDI > HIDI > TOI > lIDI 
2.4.2 POLYOLS 
There is a range of poIyols which have been used in the preparation of 
polyurethanes. The poIyols most commonly used in polyurethane synthesis are listed 
below in table 2.3 along with their abbreviation. 
Table 2.3 Polyols and diols commonly used in polyurethane synthesis 
Polyol f Diol . Abbrc\,. 
Polytetrahydrofuran I PTHFI 
Polytetramethylene glycols PTMG 
Polycaprolactone diols PCL 
Polypropylene glycols PPG 
Poly ethylene glycols PEG 
1,4-Butane diol BD 
Polytetramethylene adipates PTAd 
The oligomerol soft segments impart flexibility to the polyurethanes, and are 
responsible for their high elongation at break, low temperature resistance, and low Tg 
(34). The best strength properties are achieved by using oligomerols of symmetrical 
structure (5). The oligoesterols generally have molecular weights of2000, whereas the 
oligoetherols have molecular weights of 1000. These values maybe adjusted, 
depending on the components used and the end use of the plastics. 
As the flexible segment becomes longer, the Tg of the polyurethanes decreases. 
If the oligoester chain has a symmetrical structure, the tendency of the flexible 
segments to crystallise gradually increases with the chain length, which results in 
hardening of the polyurethane at room temperature. The reversible crystallisation of 
the flexible chain is desirable, as the polyurethane, soft and flexible at room 
temperature, acquires strength and becomes rigid under stress, but recovers its 
properties on removal of the stress. Oligoetherols with weaker molecular interactions 
give the polyurethane greater flexibility, a lower modulus of elasticity, and a greater 
elongation at break as compared to oligoesterols (93). 
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~:r-----NCO OCN--r~~ ~I NCO 
NCO 
2,6- toluene diisocyanate 
(2,6 TOI) 
2,4- toluene diisocyanate 
(2,4 TOI) 
OCN----<\ )>--CH2----«_)>-NCO 
NCO 
4,4'_ diphenylmethane diisocyanate 
(MOl) 
OCN--(~ I 
~///--'CH3 
NCO 
1,5- napthalene diisocyanate 4,6'_ xylene diisocyanate (XDI) (NDI) 
OCN-< )>-NCO 
para-phenylene diisocyanate 
(PPDI) 
Figure 2.5 CommerciaUy available aromatic diisocyanates for polyurethane 
synthesis 
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OCN-CH2CH2ClliCH£H2CH7NCO 
1,6-hexamethylene diisocyanate 
(lIDO 
OClI..f---{ >--r.H .. , ~< )>----'l'NCO 
~-~CO 
4,4'-dicyc1ohexylmethane diisocyanate 
(H12MDI) 
DCN 
co 
Isophorone diisocyanate 
(IPOI) 
1,4-cyc1ohexyl diisocyanate 
(CHDI) 
o 
m-tetramethyl xylene diisocyanate 
(m-TMXDI) 
~C-y-ClL 
NCO 
p-tetramethyl xylene diisocyanate 
(p-TMXDI) 
Figure 2.6 CommerciaUy available aliphatic diisocyanates for polyurethane 
synthesis 
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Oligoetherols and oligoesterols have different property profiles and are, thus, 
employed according to the requirements of the application (94). Polyetherurethanes 
with a reguJar structure of flexible segments possess a mechanical strength similar to 
polyesterurethanes. Of the oligoetherols used, polytetramethylene glycol, (PTMG), 
with its symmetrical structure give polyurethanes with superior characteristics and the 
property of stress-induced reversible crystallisation (5). The side chains in oligooxy 
propylenols (PPG) prevent crystallisation of the flexible segments, reduce interchain 
interactions, and reduce the strength properties of the resulting polyurethanes (40). 
From the oligoetherols of molecular weight <600, hard, polyurethane resins of 
low flexibility are produced. In the oligobutadienol - derived polyurethanes, phase 
separation is almost complete, as there are no H-bonding interactions between the rigid 
and flexible segments. The mechanical properties of polyurethanes from this oligomer 
are independent of their thermal history (95). 
2.4.3 CHAIN EXTENDERS 
A chain extender affects polyurethane properties to an extent far greater than 
suggested by its mass fraction (96). Each extender molecule doubles the length of the 
rigid segment. Furthermore, amine chain extenders introduce urea groups, which are 
more polar than the urethane groups and facilitate phase separation (73). Diamines 
enhance the strength and hardness of the polyurethane more than glycols (97). 
By using a mixture of extenders, the structural regularity of the rigid segments 
can be altered and the mehing point of the rigid domains lowered. For example, by 
using a mixture of diarnines, the polyurethanes are of the same strength, but are softer 
than when only one diamine is used (5). As a result, the modulus is reduced and the 
elongation at break increased. At greater elongations, however, more pronounced 
crystallisation may occur in the flexible segments with a resultant higher tensile 
strength (5). 
Diol-extended polyurethanes exhibit lower hardness and strength than diamine 
extended polyurethanes (97). I ,4-butane~01 gives the best strength properties of 
polyurethane elastomers (98). By using bulky aromatic diols, hard, high modulus 
elastomers are obtained (99). The most thermally-resistant polyurethanes are obtained 
by using long, rigid, and symmetrical molecules, with their reactive groups arranged 
along the polymer chain (\00). 
23 
Chapter 2 The chemistry of polyurethanes 
2.5 References 
I. Houwink, R., Elastomers & Plastomers, Their Chemistry, Physics & Technology, 
VoL I, General Theory, EIsevier Pub. Co., Inc., N.V., 1950 
2. Smith, T.L.; Magnusson., AB., J. Polym. Sei., 42, 391, 1960 
3. Saunders, 1.H; Frisch, KC., Polyurethanes: Chemistry & Technology, Part I 
Chemistry, Interscience, Wiley & Sons, N.V., 1962 
4. Buist, I.M.; Gudgeon, H, Advances in Polyurethane Technology, McClaren & 
Sons Ltd., London, 1968 
5. Wirpsza, Z., Polyurethanes: Chemistry, Technology & ApplicatiOns, Polymer 
Science Series, 1993 
6. Bailey, M.E.; Kirss, V.; Spaunburgh, R.G., loo. Eng. Chem., 48, 794, 1956 
7. Piggot, K; Frye, B.F., J Chem. Eng. Data,S, 391, 1960 
8. Frisch, KC., Polyurethane Technology, ed. P.F. Bruins, Interscience, N.V., 1969 
9. Farkas, A; Mills, G.A, Advances in CatalYSiS, 13,393, N.V., Academic Press, 
1962 
10. Davis, T.L.; Ebersole, F.,J Am. Chem. Soc., 56, 885,1934 
11. Stoutland, 0.; Helgen, L.; Agre, C.L., J. Org. Chem., 24, 818, 1959 
12. Dieckman, W.; Breest, F., Ber., 39, 3052, 1906 
13. Cowie, 1.M.G., Polymers: Chemisrty & Physics of Modem Materials, 2nd ed., 
Blackie Academic & Professional, London., 1991 
14. Britain, I.M., Paper No. 35, Div. ofQrg. J;oaJtngs & Plat., Am. Chem. Soc., 
Washington, D.C., Spring 1962 
15. Lakra, H.; Dains, F.B., J. Am. Chem. Soc., 51, 2220, 1929 
16. B1air, I.S.; Smith, G.E.P., J. Am. Chem. Soc., 56, 907,1934 
17. Taub, B.; McGinn, C.E., Dyestuffs, 42, 263, 1958 
18. Br. Patent 949253 
19. Stelle, H., Ber, 41, 1125, 1908 
20. Br. Patent 1524359 
21. Woods, G., The I. Cl. Polyurethane Book, 2nd ed., Wiley & Sons, Chichester, 
1990 
22. Noshay, A; McGrath, J.E., Block Copolymers, Academic Press, N.V., 1977 
23. Blackwell, 1.; Nagarajan, M.R.; Hoitink, T.B., Polymer, 22, 1534, 1981 
24 
Chapter 2 The chemistry of polyurethanes 
24. Blackwell, I.; Gardner, KH, Polymer, 20, 13, 1979 
25. Blackwell, J.; Ross, M., J. Polym. Sei, Polym. Left. ed., 17, 447, 1979 
26. Linliu, K; Cheo, S-A, J. Polym. Res., 2,63, 1995 
27. Goyert, W.; Hespe, H, Kunststoffe, 68, 819, 1978 
28. Tanaka, M.; Nakaya, T., J. Macromol. Sci. Chem. , A24, 777, 1987 
29. Hoffinann, K; Bonnan, R., Makromol. Chem., 184, 1529, 1983 
30. Oertel, G., Polyurethane Hanbook, 2nd ed., Car1 Hanser Verlag, Munich, 1993 
31. Hepburn, C., Polyurethane Elastomers, 2nd ed., Elsevier, Appl. Sci., London, 
1991 
32. Speckhard, TA; Gibson, P.E.; Cooper, S.L., Polymer, 26, 55, 1985 
33. Sreenivasan, K, Eur. Polym. J., 27, 8Il, 1991 
34. Petrovic, Z.S., J. Polym. Sci. Part B: Polym. Phys., 27, 545, 1989 
35. Seefried, C.G.; Koleske, IV.; Critchfield, F.E., J. Appl. Polym. Sei., 19,2493, 
1975 
36. Lee, Y.M.; Lee, IC.; Kim, B.K, Polymer, 35, 1095, 1994 
37. Brunette, C.M.; Hsu, S.L.; Rossman, M., Polym. Eng. Sei., 21,668, 1981 
38. Puett, D.J., J. Polym. SCi., 25, 839, 1967 
39. Bunn, C.W., J. Polym. Sei., 16,323, 1955 
40. Tanaka, T.; Yokoyama, T.; Yamaguchi, Y., J. Polym. Sei A-I, 6, 2153, 1968 
41. Tanaka, T.; Yokoyama, T.; Yamaguchi, Y., J. Polym. Sci A-I, 6, 2137,1968 
42. Boyarchuk, Y.M.; Rappotort, L.Y., Polym. Sei., U.S.S.R., 7,859, 1965 
43. Nakayama, K; Ino, T.; Matsubara, I., J. Macromol. Sci., A3, 1005, 1969 
44. Clough, S.B.; Schneider, N. S., J. Macromol Sei. Phys., H2, 553, 1968 
45. Yokoyama, T., Hydrogen bonding in Urethanes, Advances in Urethane Scieoce 
and Technology, Vo1.6, Westport, Technomic, P. 1029,1978 
46. Seymour, R.w.; Estes, G.H.; Cooper, S.L., Macromolecules, 3,579,1970 n 
47. Sung Chool Yoon; Yong Kiel Sung; Ratner, B.O., Macromolecules, 23, 4351, 
1990 
48. MacKnight, WJ.; Yang, M.; Kajiyama, T., Polym. Prepr., 9, 860, 1968 
49. Zharkov, V.V.; Kozlova, T.V.; Kitukhina, G.S., 3rd Intern. PUR Symp., Leipzig, 
Syspur Rep., 19, 121, 1981 
50. Cooper, S.L.; Tobolsky, AV., J. Appl. Polym. SCi., 10, 1837, 1966 
25 
Chapter 2 The chemistry of polyurethanes 
51. Data sheets E PUR EST ANE 
52. Koberstein, IT., J. Polym. SCi., Polym. Phys. Ed., 2,1439, 1983 
53. Assink, RA; Wilkes, G.L., Polym. Eng. Sci., 17, 606, 1977 
54. Wilkes, G.L.; Wildnauer, R., J. Appl. Phys., 46,4148, 1975 
55. Chen, C.T.; Eaton, R.F.; Chang, Y.L.; Tobolsky, A V., J. Appl. Polym. SCi., 16, 
2105,1972 
56. Aggarwal, S.L.,Polymer, 17,939,1976 
57. Friedman, 1.0.; Thomas, E.L.; Lee, L.I.; Macosko, C.w., Polymer, 21, 393, 1980 
58. Estes, G.M.; Cooper, S.L.; Tobolsky, AV., J. Macromol. Sei., C4, 313,1970 
59. Hub, D.S.; Cooper, S.L., Polym. Eng. Sci., 11, 369, 1971 
60. Groin, I., Polonery, 34, 434, 1989 
61. Burlant,W.I.; Hoffinan, AS., Block & Graft Copolymers, Reinhold, New York, 
1960 
62. Beecher, I.F.; Marker, L.; Bradford, R.D.; AggarwaL S.L., J. Polym. SCi:, C26, 
117, 1969 
63. Ceresa, R.S., Block and Graft Copolymers, Butterworth, London, 1962 
64. Aboozar, S.; Wilkes, G.L., J. Appl. Polym. SCi., 29, 2695, 1984 
65. Bonart, R.I., Macromolecule SCi., Phys., 82, 116, 1968 
66. B1ackwelL I; Lee, C.D., J. Polym. SCi., Polym. Phys. Ed., 21, 2169,1983 
67. Briber, R.M.; Thomas, E.L., J. Macromol. Sci., Phys., 822, 509, 1983 
68. Quay, I.R.; Sun, Z.; BlackwelL I.; Briber, R.M., Polymer, 31, 1003, 1990 
69. Co1eman, M.M.; Lee, KH; Skrovone, K; Painter, P.C., Macromolecules, 19, 
2149, 1986 
70. Lee, HS.; Wang, YK; Hsu, S.L., Macromolecules, 20, 2089, 1987 
71. Lee, HS.; Wang, Y.K; MacKnight, W.I.; Hsu, S.L., Macromolecules, 21, 270, 
1988 
72. Sung, C. S.P.; Schneider, N.S., Macromolecules, 8, 68, 1975 
73. Chang, Y.IP.; Wilkes, G.L., J. Polym. Sei., Polym. Phys. Ed., 13, 455, 1975 
74. Ryan, AI.; Bras, w.; Derbyshire, B.E.; Bogg, D.; Cooke, I, SCience, 267, 996, 
1995 
75. Hwe~ IK, J. Appl. Polym. SCi., 27, 2891, 1982 
76. Chee, KK; Farris, R.S., J. Appl. Polym. Sci., 29, 2529, 1984 
26 
Chapter 2 The chemistry of polyurethanes 
77. Koutsky, LA; Hien, N.V.; Cooper, S.L., 1. Polym. SCi., B8, 353, 1970 
78. Wilkes, G.L.; Samuels, S.L.; Crystal, R., 1.Macromol. SCi., Phys., BI0, 203, 1974 
79. Seymour, R. W.; Cooper, S.L., Macromolecules, 6, 48, 1973 
80. Sung, C.S.P.; Schneider, N.S., 1.Mater. SCi., 13, 1689, 1978 
81. Chang, AL.; Thomas, E.J., Polymer Preprints, 19, 32, 1978 
82. Seymour, R. W.; Allgerezza, AE.; Cooper, S.L., Macromol, 6, 896, 1973 
83. Ishihara, H, Rep. Progr. Polym. Phys. Jap., 13,409, 1970 
84. Hespe, H, Colloid Polym. SCi., 250, 797, 1972 
85. Li, y.1.; Yang, HO.; Ma, D.Z., Polym. Mater. Sci. Eng., 54, 566, 1986 
86. Meadows, M.D.; Chrilltenson, C.P., Macromolecules, 23, 2440, 1990 
87. Frisch, KC., 1. Appl. Polym. Sci., 54, 828, 1980 
88. Schneider, N.S.; Paik Sung, C.S.; Matten, R. W., Macromolecules, 8,62, 1975 
89. Senich, G.A; MacKnight, W.1., Polymer Prepr., 19, 1, 11, 1978 
90. Paik Sung, C.S.;Schneider, N.S., MacromoI.Chem., 8, 68, 1975 
91. Schneider, N.S.; Paik Sung, C.S .. Polym. Eng. Sci., 17, 73, 1977 
92. Balasubramanian, D.; Shaikh, R., Biopolymers, 12,7, 1639, 1973 
93. Clough, S.B.; Schneider, N.S.; King, KO., J. Macromol. Sci. Phys., 82,641, 
1968 
94. Kipphardt, H, Polyurethanes World Congress 1987, Aachen, Germany, 1987 
95. Bengston, B.; Feger, C.; MacKnight, w.1.; Schneider, N.S., Polymer, 26, 895, 
1985 
96. Blackwell, 1.; Nagrujan, M.R.; Hoitink, T.B., Polymer, 23, 950, 1982 
97. Prolingheuer, C.E., Utech '94- Processing Workshop 2,22-24 March 1984, Le 
Hague, Netherlands 
98. Pandya. M.V.; Deshpande, 0.0.; Hundiwale, D.G.; Kapadi, U.R.; J. Macromol. 
Sci. Chem., A24, 527, 1987 
99. Lobst, S. A; Cox, RW., J. Appl. Polym. Sci., 23, 2513, 1979 
100. Boenig, RV., Kunstoffe, 71, 41,1981 
27 
CHAPTER 3 
Polyurethanes in the coatings industry 
Chapter 3 Polyurethanes in the coatings industry 
CHAPTER 3 POLYURETHANES IN THE COATINGS INDUSTRY 
This chapter details work which was carried out on the development of 
polyurethane coatings, including a section devoted primarily to the development of 
waterbome dispersions. 
Through the efforts of Bayer and co-workers (1,2) polyester - polyisocyanate 
polymers pr00ded coatings possessing a combination of a wide range of flexibility 
coupled with toughness, excellent electrical properties, good abrasion, and chemical 
resistance. A disadvantage of these coatings has been their tendency to yellow on 
exposure to light. This may be reduced by employing aliphatic rather than aromatic 
isocyanates. However, the high toxicity of these isocyanates is a serious deterrent for 
their commercial use. 
For a variety of reasons, including cost, ease of handling, and desired rate of 
reaction, nearly all urethane coatings prior to 1962 were based on toluene diisocyanate, 
IDI, or a derivative. Also, in an effort to extend the pot-life of the coatings and to 
employ a one-component system, 'blocked' or 'disguised' isocyanates were developed 
by Bayer (1,3) and Petersen (4). The phenol-blocked compounds, however, are the 
main types found commercially. 
Another type of one-can urethane coating is the urethane oil, reaction product 
of an isocyanate with a drying oil Early German work, as well as extensive studies by 
American and British workers, led to the interest of the paint industry in these low cost 
urethane coatings (1,5,6,7). ._-_. 
In recent years, polyether-based urethane coatings have been introduced 
(8,9,10). Both one- and two- component coatings were developed permitting a wide 
variation in coating formulation and allowing considerable latitude in the combination 
of desirable properties coupled with relatively low costs. 
Prior to 1965, all the above coating systems utilised organic solvents as their 
carrier medium. They were applied as polyurethane solutions. However, with the 
tightening of air pollution regulations, recent work to replace this solvent or at least 
minimise it has been undertaken. Early solventless two component coatings were 
applied with some success by using a spray gun (11). More recent studies (1965-) 
have led to the development of waterbome polyurethane dispersions, which have 
replaced their solventbome analogues, whilst maintaining the desired properties. 
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3.1 RAW MATERIALS 
The basic reaction for the production of polyurethanes is between a poly- or 
diisocyanate and a di- or polyhydroxyl compound. Active hydrogen compounds, 
especiaI1y diols and diamines, can also be employed as chain extenders. In the 
following sections (3.1.1 to 3.1.4), the major constituents used in the manufacture of 
polyurethane coatings are discussed. 
3.1.1 ISOCYANATES 
The first commercial diisocyanate monomer for all PU application areas was 
toluene diisocyanate (IDI). The first adduct (the reaction product of a stoichiometric 
excess of a monomeric diisocyanate with a low molecular weight diol) used as a 
coatings crosslinker, was the reaction product oftrimethylol propane (TMP) and IDI 
in 1955. Another aromatic diisocyanate commonly used is 4,4-diphenylmethane 
diisocyanate, MDI. Pure MDI is mainly used in the manufacture of elastomers (12). 
However, the use of IDI and MDI has been limited due to their high toxicity. The 
physical properties of these have been reviewed (13). The main drawback with these 
aromatic diisocyanates is their tendency to yellow on prolonged exposure to sunlight. 
To overcome this, use of aliphatic isocyanates has become predominant (14). The 
most common one in this class is 1,6-hexamethylene diisocyanate (HOI). This was 
shown by Wagner in 1962 t9 exluoit improved resistance towards discoloration, 
hydrolysis and heat degradation. Bayer synthesised a higher molecular weight version 
ofHOI by reacting 3 moles ofHOI with one mole of water to reduce toxicity. 
Cycloaliphatic diisocyanates such as 4,4-dicyclohexyJmethane diisocyanate 
(HMDI) have also shown to impart improved thermal stability compared to aromatic 
isocyanates (IS). Isophorone diisocyanate (IPDI) has found applications in the form of 
polyisocyanate derivatives used as crosslinkers for PU. In addition, IPDI can also be 
used as a building block for more linear, elastomeric polymers. 
3.1.2 DJ- and POLYHYDROXY COMPOUNDS 
Polyesters terminated with OH are of conventional types. The final properties 
of the coating can to some extent be controlled by choosing a suitable composition. 
Low molecular weight polyesters containing low acid numbers and low water content 
have been found suitable (16) for the preparation of PUs. It has also been shown that 
introduction of aromatic components increases the temperature resistance and imparts 
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greater rigidity to the coating films (17). Hydrolytic stability of polyester based 
urethanes can also be improved by incorporating either a small amount of polymeric 
carbodiimide (18) or by using a diisocyanate containing carbodiimide groups (19). 
Structure - property relations of polyester based PU coatings have been reviewed by 
Ball (20) and Saunders (21). 
Hydroxy-terminated polyethers have found wide applications because of lower 
price than polyesters and because they render a wide spectrum of physical properties to 
the PU coatings. They are usually prepared either by addition of alkylene oxides to 
glycols, polyols or di- or polyamides or by the ring-opening polymerisation of THF 
(22). Polyethers based on propylene oxide and diols or triols have been descnoed by 
Saunders (23). Crystallinity of polyethers has been shown to render higher strength 
properties than amorphous structures at the same weight of polymers (24). Other 
polyethers used include random or block copolymers of propylene oxide and ethylene 
oxide (25) and copolymers ofTHF and alkylene oxides (26). 
3.1.3 CHAIN EXTENDERS AND CROSSLINKERS 
A number of di-functional chain extenders or polyfunctional crosslinking 
agents, with active hydrogens, can also be used along side the principal components, to 
increase the molecular weight and improve the properties of the final product. Such 
compounds are diols or polyols, diamines or alkanolarnines. These have been reviewed 
by Frisch (13). 
3.1.4 ORGANIC SOLVENTS 
The selection of the solvent is based on the storage stability and evaporation 
rates. The chosen solvent must be moisture free and contain no traces of alcohol, acid 
or other active hydrogen species. Esters such as methyl-, ethyl-, butyl-, cellulose-, and 
hexyl acetates and ketones such as methyl-, ethyl-, and methyl isobutyl ketones and 
cyc1ohexanone are suitable. The volatility of the solvent depends largely upon the 
application for which the PU is to be used. The hydrogen bonding character and 
dielectric constant of the solvent influences the reaction rate of the isocyanate - alcohol 
reactions (27). 
3.2 CHEMISTRY OF POLYURETHANE COATINGS 
Conventional urethane coatings can be divided up into one- and two-
component coatings. 
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3.2.1 ONE-COMPONENT SYSTEMS 
These are gaining an increased share of the market. These are obtained by 
reacting polyhydroxyl compounds with an excess ofpolyisocyanate in organic solvents 
to form a prepolymer which contains terminal isocyanate groups, and which is stable 
when stored in the absence of water. The humidity in the atmosphere acts as a 
hardener for these systems and the films are thus crosslinked by exposure to the 
moisture in the air. Figure 3.1 
-NCO + H20 ---~ +NHCOOH] _...::-",Co,=-_-I~~ NVWIN\,NH2 
--~.. ~NH-CO-~ 
vvo.N.NV N-CO-NH~ 
I 
CO 
I 
"VINWW'NH 
CURE ON EXPOSURE TO AIR 
.. 
Figure 3.1 Crosslinking of one-pack systems on exposure to moisture 
The most important commercial route for the synthesis of PU is the addition 
polymerisation of isocyanates by reacting with di- and polyfimctional hydroxyl 
compounds i.e. one pack. The historical and commercial developments, chemistry and 
applications ofurethane resins have been reviewed by numerous authors (28-30). 
3.2.2 TWO PACK SYSTEMS 
Two pack systems are more reactive than one pack systems at ambient 
conditions and the components, the polyol and polyisocyanate, are mixed prior to 
application. To formulate the polyol component, several of the processing aids usually 
found in water-based systems are required; see later. The batch is adjusted to the 
required consistency with demineralised water or solvent (toluene, xylene etc.). The 
calculated quantity of polyisocyanate activator is added and homogenised shortly 
before application i.e. the polyol is dispersed in water / solvent as applicable, then, 
shortly before application, the diisocyanate is added to form a mixture. Then this 
mixture is applied to the substrate surface. 
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However, the main disadvantages of two pack systems is the necessity of the 
user to handle free isocyanates. Diisocyanates, especially MDI and IDI, have very low 
vapour pressures and if inhaled even in small amounts can cause breathing disorders. 
In general, highly crosslinked systems at relatively high solids content can be 
cured at low temperatures. This can only be achieved by the two pack application. 
3.3 SOLVENT CONTAINING POLYURETHANE SYSTEMS 
3.3.1 SOLVENT - CONTAINING AMBIENT CURE REACTIVE 
COATINGS 
(a) Two component coatings 
The primary constituents of two component polyurethane coatings are basically 
the same as those in other solvent-borne systems. However, in contrast to one 
component systems, the polyol and polyisocyanate must be stored separately. Usually 
the components are mixed together, i. e. pigment, fillers and polyo~ except the 
diisocyanate. The diisocyanate is packed separately and mixed with the polyol system 
prior to use. 
Polar solvents, which are water- and alcohol-free, such as esters, ketones, and 
ether - esters are generally used. Aromatic solvents, such as toluene and xylene, as 
well as aromatic rich petroleum distillates, can also be used in solvent blends. Below, 
in table 3.1, are typical formulations for two different applications. 
Table 3.1 
CLEAR WOOD COATING 
POLYOL 20 
ADDITIVES 3 
SOLVENTS 57 
PIGMENTS 
DUSOCYANATE 20 
Values are in wt 0/0 
PIGMENTED TOP COAT 
20 
1 
35 
25 
19 
The choice of pigments and fillers is restricted due to their possible reaction with NCO 
groups or their possible influence on the NCO/OH reaction. 
All the commercial diisocyanates are of importance in the polyurethane coatings area. 
Some of these are listed. 
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Toluene diisocyanate IDI 
Diphenyl methane -4,4'- diisocyanate MDI 
Hexamethylene diisocyanate lIDI 
lsophorone diisocyanate !PDI 
The properties of polyurethane coatings are largely determined by the poIyisocyanate. 
Of special importance for the coatings industry is the different performance of 
polyurethane coatings based on aromatic and a1iphatic polyisocyanates. Coatings 
based on aromatic poIyisocyanates tend to yellow upon continued exposure to light 
(31) and tend to undergo a relatively fast loss of gloss upon weathering (32). 
However, coatings based on aliphatic polyisocyanates are light stable (33) and have 
excellent weatherability (34). The two also have different reactivities, which effect 
drying times and through cure of the coatings. Aromatic polyisocyanates are generally 
more reactive than a1iphatics (35). 
The film properties are dependent upon the selection of the reactants and on 
their ratio. Generally, harder and more chemically resistant films are obtained with an 
increase in the hydroxyl group content of the polyol. The mechanical properties of the 
films can also be manipulated by variations in the amount of polyisocyanate. With an 
NCO/OH of < I, the film is more flexible. However, they exhibit lower solvent and 
chemical resistance (36). 
(b) One component coatings formulations 
Soluble prepolymers based on ID!, MDI or lIDI have achieved commercial 
importance. These prepolymers react with atmospheric moisture to produce higher 
molecular weight polyureas, and, hence, form cured films on the substrate. Of some 
importance are one component systems containing NCO prepolyrners and latent 
coreactants. After application, reactive hydroxyl and amino groups are generated by 
action of atmospheric moisture (37). The one component polyurethane coatings are to 
a large extent comparable to the two component polyurethane coatings. Hence, the 
same solvents, pigments, fillers and additives can be used in both formulations. 
The drying and through cure of solvent-borne polyurethane coatings occurs in 
several ways. Following the substrate application, a physical drying occurs by simple 
solvent evaporation. With one pack or one component coatings, the chemical cure 
occurs by the NCO / water reaction. The cured coating contains polyurethane 
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segments as well as urea segments. In two component coatings, the primary_p~ess is 
the reaction of the isocyanate groups with hydroxyl groups of the polyol component. 
The cure of polyurethane coatings can, in principle, occur at room temperature. At 
lower temperatures the curing reaction also proceeds to completion, however, at a 
slower rate. 
In industrial applications, drying is often forced by the use of higher 
temperature cures (60 to 1300C). The drying times are considerably shortened and 
more economical processes are thereby made possible. With moisture curing one 
component coatings, the speed of drying is dependent on the ambient relative humidity 
and temperature. At either low temperature and/or humidity levels, considerable 
retardation of drying can result. Under normal conditions, the drying time again 
depends on the isocyanate utilised. 
Properties of the coatings 
Polyurethane coatings possess a combination of properties that are not 
attainable with any other coating systems. These include the following. 
(a) Film Mechanical Properties 
The films exhibit tough elastomeric properties combined with high hardness. 
The flexibility can be adjusted over a wide range, and show no tendency to embrittle at 
low temperatures or upon ageing. Additional properties include high scratch, abrasion, 
and impact resistance of the coating (38). 
(b) Chemical Resistance 
Polyurethane films exhibit high water, solvent and chemical resistance (39). 
Formulations with comparatively low crosslink density show good resistance to 
solvents which would strongly effect other coatings. When increased chemical 
resistance is desired, a higher crosslink density is necessary. Polyurethanes based on 
polyethers exhibit better alkali resistance than those based on polyesters due to their 
hydrolytic stability. 
(c) Light and Weather Stability 
The differing performance of polyurethane coatings based on a1iphatic and 
aromatic diisocyanates results from the differences in absorption to sunlight. Coatings 
based on aliphatic diisocyanates absorb practically no high UV radiation present in 
sunlight. They show little tendency to yellow on light exposure. Coatings based on 
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aromatic diisocyanates absorb UV radiation strongly and undergo photochernicaIly-
initiated degradation (31) leading to the formation of chromophoric groups. This 
yellowing limits the scope of possible applications. 
(d) Corrosion Protection 
Polyurethane paints provide outstanding corrosion protection. Moisture curing 
one component coatings exhibit the highest performance because, in addition to 
definite technical advantages in application, these systems exhibit excellent resistance 
to water formed by condensation (40). 
3.3.2 SOLVENT-BORNE NON-REACTIVE POLYURETHANES 
This group of coatings are chemically comprised of high molecular weight 
polyurethanes without substantial reactive groups which are soluble in certain solvent 
combinations. These products are not reactive coatings, but rather coatings that 
undergo film formation solely by physical drying. IDI, MDI and IPDI are the most 
important diisocyanate building blocks. Due to their high molecular weight, solutions 
of these products are highly viscous at relatively low solids contents. 
By using solvents which evaporate quickly and release easily from the coating, 
dry films can be obtained in only a few minutes under normal working conditions. 
Adhesion to a number of substrates is very good. Elongation at break is generally 
>400%. Although film formation occurs by physical drying only, such products 
occasionally show marked resistance to mild solvents. In some cases, it is possible to 
increase solvent resistance by mixing a polyisocyanate with the polyurethane solution. 
3.3.3 SOLVENTBORNE, AIR-DRY COATINGS 
Coatings of this group are knOWD as urethane oils (6). Urethane oils are oil-
modified polyurethanes which are produced by the reaction of diisocyanates with 
polyol modified drying and half drying oils. See figure 3.2. 
This type of coating undergoes oxidative drying like typical oil or alkyd paints 
and, on the basis of similar composition exhibit a comparable property profile. Only 
IDI and IPDI find practical usage in this area. They generally contain aliphatic 
hydrocarbon solvents and small amounts of metal catalyst for the drying and through 
cure. 
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Figure 3.2 An example of a urethane oil 
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The properties of urethaue oils are primarily detennined by the urethaue group 
content, the oil content, aud the type of oil used (6). Although these coatings do not 
possess the performauce level of reactive systems, they do exhibit markedly" better 
weathering performauce compared to unmodified alkyds. The yellowing tendency of 
these products is dependent upon the type of oil aud the isocyauate component. 
An importaut application is in the coating of wood. Due to the quick drying of 
these coatings, they are especially suited for floor coatings as well as for high quality 
consumer market coatings. 
3.4 IONOMERS 
A class of polymers containing a small amount of ionic component have caused 
a great deal of interest over the last 20 years. These have become known as ionomers 
(41-45). The synthesis ofionomers, as well as their physical properties, are currently 
under investigation. It is their unique- phase behaviour in the solid state that has 
generated the greatest interest in this class of polymer. Effort has been devoted to 
elucidating their varying structures aud phase separation (41,42,46-50). Mauy uses 
have been explored for this relatively new class of polymer, including use in the 
packaging film industry, as semi-permeable membraues (51), in the oil-drilliog industry 
(52) aud for medicinal purposes (53). 
Phase separation has been encountered in blends aud block copolymers aud is 
well documented (41,42). However, in ionomers phase separation is possible on mauy 
scales making them unique. The ionic groups in ionomers are known to aggregate. 
The ions on the smallest scale associate into ion pairs, but, it is also possible to 
encounter ionic quartets, sextets aud even octets (54). These ionic entities are referred 
to as multiplets. However, larger aggregates known as clusters are also known to exist 
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(55). Clusters contain, as well as ion pairs, a significant amount of polymer chain 
material. 
The morphologies of the phase separated regions in block ionomers depends on 
the relative amount of the two components. By employing smaII angle X-ray 
scattering techniques (56), the sizes of the domains have been estimated. The phase 
separation from incorporating ionic groups into polymers has also proved useful in 
controlling phase separation in blends. A number of such blends are encountered in the 
literature (57). One is the blending of an ionomer with a non-ionic material of the 
same backbone. Another type is when ionic groups are useful in enhancing the 
miscibility of two polymers. If a cation is attached to one chain and an anion to 
another polymer chain, compatibility has been shown to increase (58,59). 
There are a number of factors that determine the phase behaviour of ionomers, 
and by careful consideration a range of morphologies can be obtained. The 
concentration of the ionic species incorporated into the non-ionic backbone has a 
dramatic effect on the physical properties of the material (60). The dielectric constant 
of the matrix is also an important consideration. Low dielectric polymers such as 
polyethylene and polystyrene exlnbit larger scale ionic aggregation than polymers of 
high dielectric constant such as poly(ethyl)acrylates (61,62). It has also been shown 
that the larger the ionic pair the poorer the phase separation, due to weaker ionic 
interactions (63). 
In the field of ionomers, most studies have been devoted to the study of 
polymers in which the ionic groups are incorporated randomly along the backbone 
(62,63). However, the ions can be arranged in a number of different configurations. 
Much of the work in this area has been carried out on polystyrene (64), perfluorinated 
polyethylene (65) and block segmented polyurethanes (66) as well as linear telechelics 
(67) and ionenes. 
3.5 WATERBORNE URETHANE DISPERSIONS 
As reviewed in the previous section, most polyurethane (PU) resin systems 
contain a large percentage of volatile organic solvents and in some cases a certain 
amount of free isocyanate. This is unfavourable for both the user and for the 
environment. This has led to legislation resulting in regulations on air pollution and on 
the working environment outlining the need for PU coatings that are non-polluting and 
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oflow toxicity. The greatest challenge was to replace the solvent by water. However, 
in the late 1960's, aqueous PU dispersions were introduced and have acquired 
commercial acceptance. 
The first attempts to produce aqueous PU were directed towards producing 
polymers with a high number of hydrophilic groups to obtain water solubility. 
However, these did not find any commercial applications. In fact, the major 
breakthrough in obtaining easy dispensability in aqueous media occurred in the late 
1960's with the introduction of PU ionomers (68). Hydrophilic ionic groups in the 
polymer function as internal ionic stabilisation agents. The ionic groups may be 
located in the PU backbone chain or as a side constituent (69). There are many 
reviews in the literature on PU ionomers (70-73). The introduction of the ionic groups 
causes an increase in the hydrophilicity, solubility, mechanical strength and the 
flexibility of the polymer (74). At high ionic group contents, the relatively 
hydrophobic PU becomes highly hydrophilic and becomes soluble in typical organic 
solvents that normally do not attack PURs, such as methano~ acetone or even water. 
However, the most important feature of PU ionomers is their ability to form stable 
aqueous dispersions without emulsifiers, whereas conventional PU dispersions required 
emulsifiers and large shearing forces.· Hence, the formation of PU dispersions basically 
falls into two well-established categories: those stabilised with emulsifiers and those 
ionica1ly stabilised by in-built hydrophilic structures on the polymer. The latter group is 
considered most important because they are less susceptible to water attack. These 
stabilising mechanisms are outlined in table 3.2. Depending on the type of ionic group, 
a distinction can be made between cationic and anionic PU ionomers. A common 
definition (75) of a stable PU dispersion states that 'an aqueous polyurethane 
dispersion is a surfactant-free, binary colloidal system in which the particles of PU are 
dispersed in a continuous water phase. Basically, they are one component, fully 
reacted polymers that do not contain any free isocyanate group and may have a 
Iinear/crosslinked structure.' There are a number of variants which depend on the 
hydrophilic centre that functions as the internal emulsifYing agent. 
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Table 3.2 Types ofstabilisation of water-borne dispersions 
Tertiary amine + alkylating agent or acid 
Carboxylic acid + neutraIising agent 
Polyethylene oxide chains 
One method of preparing cationic PU is the adaptation of the Menschutkin 
reaction (74). It has been called quaternizing polyaddition. This is the reaction of a 
dibromide with a diamine. If one of these components contains a long chain polyether 
segment, an ionomer is obtained (76). Alternatively, polyammonium PU can be made 
by first preparing a tertiary nitrogen-containing PU and then quatemizing the nitrogen 
atoms in a second step. If the starting material is a polyether based NCO prepolymer, 
a segmented quaternary PU is obtained (77). 
In order to obtain anionic PUs, diols bearing carboxylic acid or sulphonic acid 
groups are usually introduced. In these reactions, care must be taken to avoid 
substantial reaction of NCO and COOH groups which causes undesirable branching 
and crosslinking. Dimethylol propionic acid is used as the source of COOH 
functionality. Because of steric hindrance, the COOH group has a low reactivity 
towards the isocyanate groups. The acid groups are then neutralised with base, usually 
a tertiary amine, and the prepolymer dispersed in water. 
The type and amount of ionic groups not only affects dispersibility and particle 
size, but also the physical properties. The quatemized ammonium group is most easily 
incorporated into the polymer. Some cationic PUs show good adhesion to substrates 
such as glass, but at present have not found widespread usage. PU anionomers which 
incorporate sulphonate (78-82) or carboxylate groups (69) are predominant. 
Advantages of PUR dispersions with built in ionic groups are as follows: 
mechanical stability 
chemical stability 
film forming properties 
gloss 
adhesion 
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wide scope for variations of composition and properties 
solvent resistance. 
PU where the ionic groups are replaced with hydrophilic polyether chains are 
termed non-ionic PUs. Polyethylene oxide chains of moderate molecular weight are 
used as the dispersing sites. They are more susceptible to water because of the 
hydrophilic nature of the polymer (83). 
3.5.1 PREPARATION PROCEDURES 
Processes for the production of stable aqueous PU dispersions are descn"bed in 
numerous patents and in the literature (84). In all the processes, the general principle 
is to start with an isocyanate prepolymer and modifY it with hydrophilic groups. The 
techniques generally used are discussed briefly. Table 3.3 outlines the differences of 
these techniques. 
1. Aeetone Proeess - In this process, water is added to a PU ionomer dissolved in a 
polar solvent such as acetone, methyl ethyl ketone and THF. As more and more water 
is added, a phase inversion occurs as water becomes the continuous phase and a 
dispersion is formed. The dispersion is then distilled to remove the solvent. The resuh 
is a high molecular weight aqueous dispersion ofPU urea. See figure 3.3. 
2. Prepolymer Mixing - This is the most common process. In this process, an 
isocyanate-terminated prepolymer, which has been modified, is prepared by a simple 
organic reaction. This prepolymer is then mixed slowly with water to form a 
dispersion. Diamine is usually present~in the water for chain extension to take place. 
See figure 3.4. 
3. Hot-melt Proeess - Here the isocyanate-terminated prepolymer is capped at 
elevated temperatures (> 130oC) with an excess of urea to form a biuret. After the 
product is dispersed in water, chain extension is accomplished by reaction with 
formaldehyde to form methylol groups and lowering the pH to initiate the 
polycondensation reaction. These PUs are branched and are oflow molecular weight. 
See figure 3.5. 
4. KetaminelKetazine Proeess - Here a blocked diamine, i.e. a ketamine (85), is 
added to an isocyanate-terminated prepolymer as a chain extender. As water is added 
to disperse the mixture, hydrolysis of ketamine takes place and it liberates diamine, 
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which also reacts with the dispersed particles to give a chain extended 
poiyurethaneurea. See figure 3.6. 
ACETONE PROCESS 
+ 2n OCN-R-NCO 
1 
o 0 
OCN-R-NH~o-O~NH-R-NCO 
o 0 0 0 0 0 
.......... ·· .. O~NH-R-NH~NHCIt CH2NlNH-R-NH~o-O~NH-R-NH~o-"'·",,,,,·· 
tH2CH2S0rNa+ 
Dispersion of polyurethane-urea in water/solvent 
1 ""Ivm! r<movaI 
Aqueous dispersion of polyurethaneurea 
Figure 3.3 The preparation of aqueous dispersions. using the acetone process 
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PREPOL YMER MIXING PROCESS 
2nHc>-OH + + 4n OCN-R-NCO 
1 
o 0 0 CH) 0 0 0 OCN-R-NH~O-O!NH-R-NH~O-CH?l-CH20~NH-R-NH~O -O~NH-R-NCO 
-t02H 
o 0 0 CH) 0 0 0 OCN-R-NH~O-O~NH-R-NH~O-CH2l-CH2~NH-R-NH~O -JNH-R-NCO 
to?- HWR' 
- .) 
Hydrophilic isocyanate tenninated prepolymer 
11. "~kr 2. H2N-R-NH 2 
-
Aqueous dispersion of polyurethaneurea 
Figure 3.4 The preparation of aqueous dispersions using the prepolymer mixing 
process 
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HOT-MELT PROCESS 
OCN-R-NHlo -OlNH-R-NHSOCH 2CH2CHCH2JNH-R-NCO 
. ~OT Na+ 
1 H2NXMi2 
Hydrophilic bis-biuret 
fonnaldehyde 1 
,,,.1Cr 
Dispersed polyuretbaneurea 
Figure 3_5 The preparation of aqueous dispersions using the hot-melt process 
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KETIMINE (KET AZlNEl 
o 0 0 CH3 0 OCN-R-NH~O -O~NH-R-NH~OCH2~CH2oJ!NH-R-NCO 
t02- HN+R3 
Hydrophilic isocyanate terminated prepolymer 
+ 
Ketimine / Ketazine 
1l R" . 
2 C=O + H2N-R'"-NH2 PJV"" 
Aqueous dispersion ofpolyurethaneurea 
Figure 3.6 The preparation of aqueous dispersions using the ketimine process 
5. Self Dispersing of Solids - If a PU ionomer having a molecular weight between 
300 and 10000 and bearing the free NCO group is added to water, a quasi dissolving 
process and dispersion is formed. 
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Table 3.3 A summary of the cbaracteristic features of the variollS urethane 
preparation procedures 
Acetone Prepolymer Hot-melt process Ketiminel 
process mixing 
process 
Polybydroxyl linear, variable i variable variable i 
ketazine 
process 
variable 
comp'ouod j j 
····Dii;~cY;~·;·t~-·· ···········~~bl~-·········l······IDI:··iPD~······ ··-·IDL··HDi-iPDi"·-(·····~~iile·-··-
j HMDI, j 
.. _ ....... _ ....................................................................... 1. ........ ~.I ............................................................ .1 ................................. . 
Emulsifiers variable j dimethylol mainly ionic j variable 
--':!::---p=,-I--3:E----=:=-J::~!,:-
dispersion I ionomer + :=eI 
Solvent 40-70% 10-30% none 5-30% 
acetone methyl acetone 
j pyrrolidone 
Temperature 50°C i 20-80°C 50-130°C 50-80°C 
.... !!~ .. !!~p.!?!:~.~.o..!!.... . ........................................ 1 ......................................................................................... .1 ................................. . 
Procedure acetone i amine polycondensation i acetone 
after distillation! extension ! distillatio,!-
....... ~.~p.!?!:.s.i.o..!!....... . ........................................ 1... ....................................................................................... ..1. ................................. . 
End product polyurethane, j urethane-urea polyurethane- j urethane-
urethane-urea ! copolymers biuret ! urea 
.......................................... . ..... ~().P.!!.~e.':.s. .... ..l...................................... . ................•................••..•..•........ .1 ... ~.P.!!~~~ ... 
Solvent i i 
content in tbe < 0.5% : 5-10% none: < 2% 
fmal.p.roduct! ! 
·····p;rti~i~··~~····· ·······iO::iOO:OOO·······l··········I·O·O::SOO········· ············"30::·10·;000·············T·····"30::1»00······ 
............. {~.~l. ................................................... ..1. ........................................................................................ ..1 .................................. . 
Post curing none j none 50-100°C j none 
temperature! ! 
3.5.2 LIQUID - LIQUID DISPERSION 
The dispersion process is a very important step in the process of fonning an emulsion 
or dispersion. The way in which one liquid disperses into another in order to form a 
dispersion was proposed at the beginning of the century. Einstein (86), for example, 
studied the way in which small solid spheres affected the viscosity of the medium in 
which they were suspended. This may have proven very useful in understanding the 
principles of the dispersion process, but for one major problem It later became clear 
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that though agreement with Einstein's theory might be expected for particles that are 
true spheres, modifications were necessary to account for particles that are flattened or 
elongated. leffery (87) calculated the motion of ellipsoidal particles in a viscous fluid 
and their effect on the viscosity. Workers found it very difficult to propose a new 
theory contrary to Einstein's theory for fluid drops. This was because firstly the 
boundary conditions were not known and secondly because a fluid drop deforms due 
to viscous forces and surface tension. Lamb (88) did propose several methods for 
analysing the slow motion of viscous fluids. 
It was not until the 1930s that progress was made in the understanding of the 
physical and chemical conditions necessary for emulsification. This can be found in 
many text books today (89-91). However, among the many papers published in this 
area at the time few investigated the mechanics of the stirring processes which are used 
to prepare them. Rayleigh (92) investigated the conditions which govem the break-up 
of a jet of one fluid projected into another. This study was based on the effects of 
surface tension and dynamic forces in making a fluid thread of one liquid break-up into 
drops. He did not examine the stirring process required for emulsification. However, 
in 1932, Taylor (93) thoroughly investigated the mechanics of the stirring process. He 
said that by neglecting the disruptive effect of the viscous drag of one fluid on another, 
very little information on the manner by which two liquids can be stirred together to 
form an emulsion was obtained. Taylor suggested that when one fluid is at rest in 
another one of the same density it assumes the form ofa spherical drop. He goes on to 
say that any movement of the outer fluid will distort the drop due to dynamical and 
viscous forces which act at its surface. He carried out a number of experiments to 
investigate the bursting phenomenon of a drop of one fluid in another. He chose two 
equations that described fluid flow and that could easily be represented experimentally. 
These were: 
u = Cx, v = -Cy 
u' = ay' , v' = 0 
(I) 
(2) 
u and v were the velocities in the horizontal and vertical palnes, respectively. x and y 
are the axis coordinates, C was a constant and Cl is the angular velocity. y' was the axis 
cordinate at a 45° angle to y. 
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He employed a four roller apparatus to represent equation (1) while a parallel band 
apparatus was used to represent equation (2). He filled both sets of apparatus with 
syrup of viscosity J.I and placed drops of differing viscosity J.I' and observed the 
distortion of the drops with increasing speeds of stirring in both sets of apparatus. 
From his investigations, he showed that when a drop is slightly distorted from the 
spherical form in a viscous liquid which is in motion deformation only depends on the 
instantaneous conditions. The drop elongates in the direction where lines of particles 
are elongating at the greatest rate. He proved that the experimental evidence for a 
slightly deformed drop agreed with 
L-BIL+B = [(19J.1' + 16J.1) I (16J.1' + 16J.1)] F 
where L and B are the greatest and lowest diameter of the drop respectively and F is a 
non-dimensional quantity proportional to the speed of flow. 
However, as the drop further elongates its shape no longer depends on the 
instantaneous conditions of flow. The ultimate fate of the drop as the speed of 
distortion of the outer fluid increases depends on the ratio J.I' IJ.I. In both experiments, 
as the viscosity of the drop increases the speed necessary to burst it decreases. Taylor 
finally concluded that the act of bursting the drop is always elongation to a thread-like 
form. Break-up of the thread leads to further drops 1I10Oth oftbe size of the original. 
This is related to the formation of an emulsion which contains drops of a large range of 
sizes. In conclusion, neglecting the effects of surfactant or emulsifier and initiator 
Taylor's work is extremely informative with respect to dispersion of one liquid into 
another. 
3.5.3 FACTORS INFLUENCING PERFORMANCE 
1. Type of Polyols - In theory, any diol or polyol can be used. However, the most 
common include polyester diols, polyether diols and polycarbonate diols (38). The 
molecular weight of the polyol also has an effect on the structure and properties of the 
PU, e.g. 
- polyethers give excellent fastness, flexibility, better solvent resistance, hydrolytic 
stability. 
- polyesters give excellent adhesion, toughness, abrasion resistance, flexibility and 
softness. 
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2. Types of Isocyanates - IDI and MDI give rise to higher Tg resins than aliphatic 
diisocyanates ie. lIDI and TMXDI. Aliphatic diisocyanates are more costly, but 
provide superior fastoess properties to the film (94). 
3. NCO/OH Ratio - A high NCO to OH ratio corresponds to a higher urea content. 
The hardness increases with NCO to OH ratio. This can be attnouted to the much 
larger hydrogen bonds of the urea linkage over the urethane (95). 
4. Particle Size - Dispersions which are coarse in particle size fonn films of poorer 
quality than those of sma1ler particle size (96). 
5. Glass Transition Temperature, Tg - It has been shown that the Tg is related to 
the minjmum film fonning temperature, MFT (68). Hence, a decrease in polymer Tg 
favours film formation by reducing the MFT. 
6. Molecular Weight - When the molecular weight increases, the properties such as 
tensile strength, mehing point, elasticity and Tg increase until a point is reached where 
this increase ceases (97). 
3.6 CROSS LINKING 
Linear polymers form films that have limited chemical resistance. However, 
during film formation a certain amount of physical crosslinking takes place. This is 
caused by: 
1. electrostatic forces between hydrophilic groups 
2. hydrogen bonding between urethane groups 
3. interaction between hydrophobic segments of the chain. 
This chemical crosslinking contributes to the film properties. However, further 
enhancement can be achieved by formulating with a crosslinker e.g. a polyfunctional 
aziridine (75). 
The incorporation of hydroxyl groups allows the use of crosslinking agents 
such as melamine resins, epoxides, etc. The disadvantages associated with these 
systems include higher temperature requirements, handling of crosslinking agents and 
formaldehyde release. The desire to develop water-based alternatives for the high 
performance solvent-based PU encourages industry to develop new generations of 
polymers that contain either very chemically-resistant backbones, or are partially 
internally or pre-crosslinked. The literature describes four crosslinking phenomena 
(98): 
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I. precrosslinking of urethane dispersions; 
2. self crosslinking urethane dispersions; 
3. blocked water-based urethane dispersions; 
4. oxidatively drying urethane dispersions. 
3.7 FILM FORMATION 
In solvent based coatings, the polymer molecules are entangled and fully 
interpenetrating as they are applied to the substrate surface. A uniform, low permeable 
film is then formed on solvent evaporation. However, the mechanism of waterborne 
film formation is more complicated. In latex coatings, the polymers are packed in 
discrete particles which coalesce on drying to form a protective film. Latex films tend 
to be more permeable to water than the solvent-based coatings (99). There are a 
number of reasons for the difference in properties of the two systems, but the main one 
is the quality of coalescence to form the film. The mechanism of film coalescence is 
very important. 
When a soft polymer latex is coated onto a substrate, the water evaporates to 
leave a void-free film. The process occurs in several steps. On evaporation of the 
water, the particles come into contact and begin to deform due to surface and osmotic 
forces (100). For film formation to be successful, the film must be fonned at or above 
the minimum film forming temperature, MFf (68, 100, 10 I). 
One of the most interesting features of latex films is that their mechanical 
properties such as tensile strength improve with time, often requiring days or even 
weeks to reach the final properties (102,103). It is believed that this enhancement of 
tensile strength is a consequence of polymer diffusion across the particle-particle 
interface in the film (103). Various mathematical models have been proposed to 
describe the process of film formation. Bradford et aI. (104) proposed the dry 
sintering theory. He postulated that, following water evaporation, the latex particles 
were forced together because of the surface tension of the polymer. They proposed 
that Frenkel's (105) postulation for the coalescence of spheres due to purely viscous 
flow governs the process of film formation. However, Brown (96) criticised this 
mechanism and developed an alternative mechanism for film formation, termed the 
capillary theory. This consisted of a number of stages. In the first stage, the water 
evaporates from the bulk. of the latex and the solids concentration increases. The 
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second, when the particles are no longer mobile and form an ordered array, begins as 
the water continues to evaporate from the interstices between the polymer spheres. 
The particles then deform, or the water may evaporate completely without fusion. 
Brown suggested that the main force pushing the particles together was the surface 
tension of the water. He derived the following equation. 
G< 35cr IR 
where G is the elastic shear modulus of the polymer, cr is the surface tension of the 
polymer and R is the particle radius. This is the condition for film fonnation. 
Voyutskii (106) proposed the concept of 'autohesion', the diffusion of free 
polymer chain ends across the particle-particle interface, to explain the gradual 
enhancement of the film properties over time. 
Vanderhoff et aI. (107) proposed a theory in 1966 based on polymer spheres in 
a water droplet. On drying, the water evaporates and the particles approach each 
other until the stabilising groups are in contact. He proposed that the force due to 
surface tension pushes the particles together until these stabilising layers rupture, and 
the particles make contact. However, like Brown, he failed to distinguish between 
force and pressure. 
Eckersley and Rudin (68) proposed a theory of coalescence based on a model 
where coalescence occurs because of forces of evaporation of the water from regions 
between the polymer particles as well as from surface forces which tend to minimise 
the area of the polymer-water interface. They derived the following equation. 
IIJc(t') < 34cr IR 
G(t') = lIJc (t') where Jc (t') is the time dependent creep compliance of the polymer 
when the particles are in close proximity to one another. 
3.7.1 MINIMUM FILM FORMING TEMPERATURE, MFT 
One of the most important characteristics offilm-forming emulsions/dispersions 
is the minimum film forming temperature, MFT. The MFT is defined as the minimum 
temperature at which an emulsion film becomes continuous and clear. Below this 
critical temperature the dry emulsion is opaque and powdery. The MFT defines the 
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practical usage limit of an emulsion polymer. Factors that affect film formation are 
outlined in table 3.4. 
Table 3.4 Factors that affect the fIlm forming properties of the latex 
particle size 
emulsion quality 
surfitce tension 
particle morphology 
surfitctant 
3.8 APPLICATIONS 
chemical structure 
physical structure . 
time 
temperature 
relative humidity 
substrate porosity 
The usage of urethane dispersions has grown more rapidly than the general 
growth of water-based surface coatings, because of their excellent dry film properties. 
Water-based PUs can be used in most of the areas in which solvent-based PUs are 
used. Table 3.5 below lists the application areas for which water-based PUs have had 
an impact. 
Table 3.5 Applications where water-based polyurethanes are used 
CO;\TINGS' ,f. IN'KS" . 0 ~~.\'b·II[SIVES "'.'. VARIOlJS 
> • ' ,. { .,; -; ~,.:. f ~ ... " . ~.~-~. 
Floors 
Plastic parts 
Top coats in heavy 
duty systems 
Aircrafts 
Furniture 
Peelable systems 
PVC floor coverings 
Screen printing Industriallarninating Glass fibre sizing 
Gravure inks 
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CHAYfER 4 STRUCTURE - PROPERTY RELATIONSHIP OF AQUEOUS 
POLYURETHANE DISPERSIONS (PUDs) 
There has been a great many papers (6-8,10-22) published concerned with the 
structure- property relationship of aqueous PUDs. They are different from their 
solvent-borne analogues in that conventional PUs are insoluble in aqueous media, and 
form phase separations into large domains. For PUs to be dispersible in water, ionic 
and I or non-ionic hydrophilic segments should be incorporated into the PU structure 
(1-3). Advantages and disadvantages of these are well documented in the literature 
(4,5). 
4.1 INFLUENCE OFTIIE DIISOCYANATE 
The properties of a polyurethane largely depend on the diisocyanate and polyol 
used and, hence, an understanding of the· influence of these is very important in 
polyurethane design. It was mentioned earlier that increasing symmetry of the 
diisocyanate can result in increasing crystallizability, tensile strength and hardness. The 
reactivity of the diisocyanate also differs significantly from aromatic to aliphatic to 
cyc10aliphatic and can significantly effect the physical properties of the PU (I). 
Frisch and co-workers (6) investigated PUs prepared by incorporating a range 
of different diisocyanates. Using HMDI, 1,4-cyclohexane diisocyanate (CHDI), HDI, 
1,12-dodecane diisocyanate (C I1.DDI), 2,4,4-trimethyihexamethylene diisocyanate 
(TMHDI), TMXDI, IPDI and 2-methylpentamethylene diisocyanate (MPMDI) he 
discovered HMDI, IPDI and CHDI based PUs to possess higher moduli, but lower 
elongations at break than the other samples. He explains that the asymmetrical 
structure and the methyl groups in TMXDI do not favour hard segment alignment and, 
hence, TMXDI-based PUs had the lowest moduli. Of all the samples studied, the 
C I~DI based PU possessed the highest tensile strength as a result of a high degree of 
crysta11inity (determined by DSC) due to its linear symmetrical structure. In fact, this 
crysta11inity was also found to be responsible for its lower water absorption. However, 
TMXDrs hydrophobic structure had a similar effect on water absorption. Using DSC, 
they discovered that non-ring containing diisocyanate based PUs to have lower 
softening temperatures than the ring containing PUs, but this increased with the degree 
of crysta11inity. The ring-containing diisocyanates (HMDI) possessed high softening 
temperatures due to the double ring structure. 
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Hsun-Tsing et at (7) reported on the structure-property relationship of systems 
containing different diisocyanates. For their work, they used ID!, IPD!, and MD!, and 
polyadipate (2000) and polycaprolactone diol (2000). Their studies included an 
investigation of the stability of the three PUs based on ID!, IPDI and MDI and 
discovered that, with the aid of photon correlation spectroscopy and viscosity 
measurements, the MDI based system could not be dispersed in water due to its rapid 
reaction. The other systems were found to be readily dispersible in water. It was 
proposed that the reduced reactivity of IPDI towards water was due to reaction of 
NCO groups on the particle surface with water to form a high molecular weight 
polyurea layer. This layer then retards water to diffusion into the interior of the 
particle and, hence, protects the inner NCO groups. They report making an IPDI-
capped MDI version that they successfully dispersed in water, and then compared it to 
the IPDI system They found that the particle size and viscosity of the PU copolymer 
was much larger than that of the IPDI based dispersion. DSC studies of the two 
showed that the hard and soft segments of the copolymer were more miscible. 
A paper by Kim and Kim (8) described the synthesis and properties of a 
number ofionomers. In their work, they used polytetramethylene adipate (PTAd) and 
three diisocyanates (lIDI, IPDI,MDI) together with DMPA. They investigated the 
effect of the varying structure of the diisocyanate on the dispersion's properties and 
discovered that of the three the MDI-derived PU gave the highest modulus, strength 
and Tg. They proposed that MDI possesses significant chain rigidity because of the 
cohesive energy and bulkiness of the benzene ring (9). However, IPDI has one NCO 
group connected to the cyciohexane ring via a methylene linkage and, hence, it is less 
cohesive, leading to a less strong and more flexible PU. 
Young Min Lee (10) further investigated the reaction kinetics of a number of 
diisocyanates towards primary alcohols. He used both ether- and ester-type polyols in 
his studies and discovered that by monitoring the percentage of isocyanate groups 
remaining, %NCO values, during reactions over fixed time intervals that the reaction 
between aliphatic diisocyanates and primary alcohols was much slower than those with 
aromatic diisocyanates and alcohols under the same reaction conditions. This he found 
to be consistent with other similar studies carried out previously (I). Finally, he 
proposed that the advantage of cycioaliphatic diisocyanates over aromatic 
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diisocyanates lie in their stability towards water. He then proceeded to investigate the 
effect ofDMPA content on the physical properties of PUs based on !PD!. 
Kim (11) has investigated the properties of samples prepared using mixed 
diisocyanate blends of IPDI and HDI, a polyhexamethylene carbonate soft segment, 
DMPA and trietbylenetetraamine (TETA) as the crossJinking agent. He discovered the 
particle size of the dispersion to increase as the level ofHDI in the diisocyanate blend 
was increased. Further separation of the bard and soft domains were found to result 
from PUs containing higher levels of HDI. Higher tensile moduli and storage moduli 
were seen to exist for samples with high levels of IPDI. Increasing levels of!PDI 
results in a significant increase in the stiffuess of the hard fractions, but the 
conformation for stronger intermolecular interactions is reduced. Hence, PUs with 
lower tensile strengths were obtained when higher levels of IPDI were incorporated. 
A number of papers (12,13) can be found in the literature out1ining studies on 
tetramethylxylene diisocyanate, a relatively new product. They propose that the 
unique properties observed for TMXDI-derived PUs makes them extremely versatile 
for use in a wide area of applications. 
4.2 INFLUENCE OF THE POLYOL 
There bas been a great many papers published concerned with the structure-
property relationship of aqueous PUDs derived using different soft segments. Over the 
years, research has shown that both polyetber and polyester polyols can be used for the 
soft segment in a range of polyurethanes (I), from foams to elastomers etc. The type 
and molecular weight of the polyol used is important as they impart flexibility to the 
PU and form the soft domains. Polyester-derived urethanes have been shown to have 
better mechanical properties than their ether-based analogues because of their stronger 
interaction with -NH groups. A paper by Kim and Kim (2) describes the synthesis and 
properties of a number of ionomers based on four polyols, two esters (PT Ad, PCL) 
and two ethers (PTMG, PPG). In each case, the level of the ionic moiety, DMPA, was 
kept constant. They investigated the colloidal and mechanical properties for each of 
these samples. They discovered that the ester type polyols (PT Ad, PCL) gave better 
mechanical properties than those of ether type polyols (PTMG, PPG), but also 
discovered that increasing the molecular weight of the polyol resulted in significant 
increases in Young's modulus and the tensile strength. They interpret their results in 
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terms of soft segment crystallisation and soft - hard phase separation with increasing 
soft segment length. However, polyetherurethanes have been discovered to offer 
greater hydrolytic stability. Similarly, improvement of tensile strength is achieved 
when using symmetrical polyols such as P1MG and PCL, resulting from the tendency 
of the soft segments to crystallise (2). 
Ono et at (14) and Pertov and Lykin (15) studied the effect ofpolybutadiene 
molecular weight on the properties of PUs. Ono et at discovered that many of the 
properties improved as the molecular weight of the soft segment decreased from 3000 
to 1350, including a doubling of the tensile strength from 5 to IOMPa. However, the 
materials studied had a constant hard-soft segment ratio and, hence, the hard segment 
content increased from 25 to 75% with decreasing soft segment molecular weight. 
This had a significant effect on the elasticity of the PUs with elongation decreasing 
significantly with the increasing hard fraction. Many other workers ( 16, 17) have failed 
to identifY the effect of increasing soft segment length because their samples have 
different hard segment concentrations. Speckhard and co-workers (18,19), however, 
investigated soft segment length at constant hard fractions for polyisobutylene based 
PUs. He discovered that over a range of molecular weights of 1800 to 11000, tensile 
strength decreased. He concluded that, even at constant hard segment contents, 
advantages could be obtained by using lower molecular weight soft segments. 
Kim has camed out much work in this area and as a result has published a 
number of papers outlining his research with various collaborators. He published a 
paper in 1991 with Tae Kyoon Kim (20) discussing a range of PUs they had prepared 
from PTAd (molecular weight 2000), PPG (molecular weights 400 to 1000), and 
DMPA, as well as ethylene-propylene oxide ether (EOE). Their paper descnbes the 
effects of PT Ad / PPG ratio and molecular weight of PPG on the state of the 
dispersion and the physical properties of the emulsion cast films. They found that 
particle size and its distribution was almost independent of DMPA added resulting 
from the hydrophilic nature of PPG. Increasing PPG content was discovered to cause 
an increase in particle size. The temperature sensitivity of PPG results in loss of its 
hydrophilicity at temperatures exceeding 600 C, and, hence, particle size is seen to 
increase. The initial modulus and tensile strength also increased for cast fiIm.s of 
increasing levels of PPG, because of an increase in the number of urethane linkages. 
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This also contnouted to a lower elongation at break. They also examined the 
properties of a series of samples at fixed PT AdlPPG ratio, but witb increasing PPG 
molecular weight. They discovered that increasing the molecular weight of the PPG 
from 400 to 1000 resulted in a decrease in particle size at a fixed level of DMP A 
Also, poorer mechanical properties were seen with increasing PPG molecular weight 
because of a reduction in the urethane linkages even though a reduction in the storage 
moduli (E') value was observed from DMTA studies as the molecular weight 
increased, indicating greater segregation of the hard and soft domains. 
Mirceva, Malavasic and Osereclkar (12) investigated the effect of 1,4-
butanediollPTMO ratio on the physical properties of the PU using infra-red 
spectroscopy analysis. The mole ratios of the samples and the effects they observed 
from increasing levels of BD are shown in table 4.1. 
Table 4.1 
Sample IPDI BD YfMG M.Wt. 
(x 10"1 
1 2.1 1 1 50 
2 3.15 2 1 45 
3 4.2 3 1 47 
4 5.25 4 1 70 
5 6.3 5 1 47 
---- - - - --
Appearance of fIlm 
opaque/hard 
opaque/hard 
partly opaquelless hard 
transparent! elastic 
transparent!elastic 
Increasing BD concentration, as shown in table 4.1, resulted in materials going from 
being hard and opaque to transparent elastic materials. By use of IR they were able to 
examine the bonding in each of the samples with increasing BD concentration. They 
discovered that the band corresponding to hydrogen bonded c=o groups increased 
with increasing BD concentration suggesting that samples 4 and 5 from the table have 
fewer unbonded C=O groups. The infra-red spectra for each sample can be seen in 
figure 4.1. 
A paper published by Kim et al. (22) described the effects of EOE, non-ionic 
hydrophilic group, on particle size, mechanical and viscoelastic properties of their 
emulsion cast films as the DMPA level remained constant. Their study showed that 
the particle size and its distribution were independent of the amount ofEOE. Similarly 
61 
'. 
Chapter 4 Structure-property relations 
to Kim (20), who discovered PPG to be temperature sensitive, it was determined that 
the temperature sensitivity of EOE with respect to its hydrophilicity was the cause of 
this. They go on to say that EOE had rather a negative effect on rigidity and strength 
of the cast films, due to the weak interchain interactions of the ether-type poIyol 
compared to those of ester-type polyols such as PT Ad. The values of E' also 
decreased as the EOE content was increased. 
tHI c·o 
~'s 
4 
:1t:t 
~ ; r-... ·_···........, 
Joo:! 3200 UlOO 1600 
WlMln<Imbcr' (cm-I) 
Figure 4.1 Infra-red spectra of model compounds 
1-5 in the N-B and C=O stretching regions (12) 
A recent paper by Kim and Lee (23) investigated the effect of soft segment 
length on the properties of the final dispersion. The system on which they carried out 
their investigations was prepared from IPOI, PTAd and OMPA. Amongst their 
studies, an investigation of particle size and dispersion viscosity was undertaken as the 
molecular weight of the polyol was increased. They discovered that increasing the 
polyol molecular weight decreased the hard segment content. They also observed a 
linear decrease in particle size with increasing molecular weight, due to the increase in 
chain flexibility. This flexibility they found led to increased emulsion viscosity. They 
explain this by considering the formation of electrical double layers due to ionic groups 
at the particle surfaces (24,25). As the flexibility of the PU increases with increasing 
soft segment content, the formation of micelle structure in water, having ionic sites on 
the surface will be more plausible. This augments the thickness of the electrical double 
layers due to the effective structuring of the micelles leading to an increase in effective 
volume of the dispersed phase of the emulsion. They also showed that increasing the 
molecular weight of the soft segment led to a decrease in compatibility of the hard and 
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soft segments, and greater phase separation. Their DSC studies support this and show 
that above a molecular weight of 1000 crystallisation of the soft segments takes place. 
This was also supported by DMTA runs from -100°C to 100°C where the E' value 
decreased (closer to the Tg of pure PT Ad) with increasing molecular weight. They 
carried out tensile tests on samples of soft segment molecular weights of 600, 1000, 
1500, and 2000 and their results were very interesting. They show that on increasing 
the molecular weight from 600 to 1000, hence, increasing chain flexibility, led to lower 
tensile strengths. However, they discovered tensile strength to increase again beyond 
molecular weights of 1000, due to the crystallisation of the soft segments, and 
increased phase separation (26). 
Frisch et at (27) also investigated the effect of polyol molecular weight on the 
properties of samples he prepared using MOl, PTMG and a N-methyldiethanolamine 
as the stabilising group and chain extender. The mechanical properties improved in the 
case of their system with decreasing PTMG molecular weight as a result of increasing 
tertiary .amine concentration in the PU backbone. The degree of quaternisation also 
had a significant effect on the mechanical properties of this system The mechanical 
properties improved with increasing quaternisation and increasing numbers of ionic 
interactions. 
Frisch et at (6) have also investigated the differing properties of poly ether and 
polyester diols, in addition to the soft segment length on the PU characteristics. The 
polyols under investigation were PTMG, PCL, poly(1,6-hexanediol) (PHA) and 
poly(carbonate) glycol, all of molecular weight 2000. The increasing flexibility of the 
ether group compared to the ester linkage resulted in the ether-based polyols exhibiting 
a lower modulus and hardness than the other polyols, though a higher elongation was 
also evident. They discovered PHA based PUs to exhibit the highest moduli due to 
high soft segment crystallinity, which reinforced the hard domains. This sample also 
showed a higher degree of water resistance. Concentrating on PTMG samples of 
increasing molecular weight (1000 to 2000 to 2900) indicated that the moduli of the 
PUs increased with increasing soft segment length. Increasing polyol molecular weight 
resulted in increasing hard-soft phase segregation in addition to a higher urea content, 
and, consequently, an improvement in the mechanical properties and water resistance 
was observed. 
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4.3 INFLUENCE OF THE IONIC MOIETY 
The primary function of the ionic moiety is to allow dispersion of the PU in 
water. The level of ionic content necessary to obtain a stable dispersion and their 
function, in addition to their effect on the physical properties of the cast PUs, has 
received much interest since their introduction 20 years ago. It has been confirmed 
(21) that the DMPA concentration is the most important factor determining dispersion 
stability. Its has been discovered that 3Ommol per lOOg of PU is required for the 
formation of a stable dispersion. Above 50mmol per lOOg of PU, however, colloidal 
solutions are obtained. 
One such paper, published by Satguru and Padget (28), investigated the 
colloidal, morphological and applications characteristics of aqueous PUs, and drew a 
comparison with a typical acrylic emulsion polymer. On comparing the particle size 
distributions of the two systems with TEM, they discovered the distnlmtion to be 
markedly broader for the PU dispersion. This they explain as being due to the 
statistical nature of the step growth reaction and the chain extension process, 
compared to the well defined mechanistic pathway followed for the formation of the 
emulsion polymer. From a study of the stability of the PU dispersion stabilised by 
DMPA, they found that instability was experienced below a pH of 6.5. However, a 
similar acrylic emulsion solely stabilised by carbonyl groups showed no instability 
down to a pH of 2. Figure 4.2 shows schematically the mechanism for particle 
stabiIisation in acrylic and polyurethane dispersions . 
. c500H OH· --====~' , 
H+ 
Figure 4.2 Schematic diagram of particle stabilisation 
HJ 0+ 
They also used luminescence spectroscopy to investigate the morphology of the PU 
dispersion, and this shows the particles have an open structure and are swollen with 
water. They propose in their paper that the ability of aqueous PUs to combine film 
formation at low temperatures with the ability to give high film hardness is a result of 
the swollen morphology which aids film formation. This is shown in figure 4.3. Their 
findings were supported by results from small angle X - ray scattering and small angle 
neutron scattering (28). 
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water 
rich 
as'ee'S 
Schematic model of an aqueous polyurethane particle indicating 
the openlswoUen morphology containing water rich regions, as 
evidenced both by SANS and luminescence experiments. (28) 
In fact, a great deal of research into the effects of DMP A incorporation has 
been carried out. Kim (8) described the effects of DMPA on particle size, mechanical 
and viscoelastic properties of their emulsion cast films. They found that as the level of 
DMPA incorporated into the PU was increased there was a significant drop in particle 
size. They also noted that this decrease in particle size was mirrored by a narrowing of 
the particle size distribution. They also found that the mechanical properties were 
dependent upon the level ofDMPA. They noted that an increase in DMPA resulted in 
increasing modulus and tensile strength, which they go on to explain. Firstly, an 
increase in the level of ionic centres results in more coulombic forces, and, hence, 
increased interchain interactions leading to increased stiffuess. Secondly, they explain 
that the more DMPA incorporated in the PU structure the lower the level of the long 
chain polyoL and, hence more urethane linkages are consequently formed. From their 
viscoelastic studies, they discovered that E' increased with DMP A. Hence, they 
concluded that increasing levels of ionic component results in a higher degree of hard 
and soft phase mixing. 
Other studies of DMPA and its effect on the colloidal and mechanical 
properties of PU ionomers have been carried out. Hsun· Tsing et a!. (7) reported the 
effect of increasing neutralisation of the pendant carboxylic groups incorporated into a 
series of model PUs. He discovered, as Kim (8) had found, that particle size and 
viscosity decreased and increased respectively with increasing DMPA content. 
However, he also noted that as the degree of neutralisation was increased from 0 to 
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100% that particle size decreased, the tensile strength increased as a result of an 
increasing number of ionic sites, and that poorer segregation of hard and soft domains 
resulted. 
Xiao et al. (29) carried out a similar study to investigate the effect of DMPA 
content and NCO/OH ratio on the final dispersion. They based their studies on a 
number of systems synthesised from TOI, poly(oxypropylene) glycol and DMPA and 
discovered that increasing the DMPA / polyol ratio increased the Tg of the soft 
segment, indicating an increase in hard - soft segment mixing. However, they found 
that the soft segment Tg decreased with an increase in the NCO/OH ratio, resulting 
from increasing phase separation, as a consequence of an increase in urea content. 
Increasing both the NCO/OH ratio and DMPNpolyol ratio resulted in an increase in 
modulus and tensile strength, and a decrease in elongation at break. 
Many papers can be found in the literature on MDI-derived PUs describing 
their structure-property relationships. One such paper (30) describes the effect of the 
ionisation level on a series of sulphonated PTMG-MDI PU ionomers. It was 
determined that the rubbery plateau modulus solely depended on the fraction of the 
ionic groups present. The T 8 of the unionised sample could be related to the Fox 
equation (31). However, as the ionisation level was increased aggregation of the MDI 
unit caused a significant decrease in the T 8' At low ionisation levels, soft segment 
crystallinity was observed where the polyol was of sufficient length. Increasing levels 
of the ionic component resulting in low melting temperatures of the film as the ionic 
aggregates restrict crystallinity. 
Many techniques have been employed in order to investigate ionic aggregate 
structures and their characteristics in ionomers. One of the most widely used 
techniques is dynamic thermal analysis, DMTA. Studies (32-35) have been conducted 
for ionomers, such as polyethylene ionomers, polystyrene ionomers and polyurethane 
ionomers. Ding et al. (36) used this technique'to study the properties of PU ionomers 
prepared from MDI and poly( epoxychloropropane). They investigated the effects of 
soft segment length and ionisation level on the properties. They found for unionised 
PU, that the soft and hard segments had good compatibility and little phase separation 
was found due to the high polarity of the polyol. They also discovered that altering the 
hard segment length had a dramatic effect on the PU Tg. For shorter hard segment 
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ionomers, as the ionisation level was increased, the matrix Tg increased due to the 
increase in the compatibility of the hard and soft segments. However, for longer hard 
segment ionomers, the aggregating tendency of the ion pairs enhanced phase 
separation resulting in a lower matrix Tg. 
Boa et al. (37) recently carried out a study of the effect of ionic groups on the 
behaviour of polyurethaneurea emulsions. They used Ff - IR to monitor the 
introduction of the ionic groups and the chain extension process. They discovered that 
before ionic group addition all the urethane carbonyls were un-bonded. However, 
introduction of the ionic groups resulted in a shift in this band indicating hydrogen 
bonded C=O groups. The N-H groups were also found to be completely bonded. 
They concluded that the N-H groups not only bond with the carbonyl groups of the 
hard segments, but also bond with the ether oxygen atoms in the soft segments. 
Increasing the ionic content they discovered resulted in increasing segregation of the 
hard and soft domains as more hard segment interactions take place. An investigation 
of the colloidal properties with increasing ion content led them to conclude that the 
particle size decreases due to increasing hydrophilicity, and, the viscosity increases 
owing to an increase in the effective hydrodynamic volume with decreasing particle 
size (38). 
4.4 INFLUENCE OF THE HARD SEGMENT CONTENT 
The hard segment usually consists of the diisocyanate, stabilising moiety and 
the chain extender. The amount of hard segment in the final PU can influence the 
mechanical properties exhibited by the sample. 
It has been shown (39) for a polyether-derived MDI PU elastomer that 
increasing hard segment content brought about an increase in hardness, modulus, 
tensile strength, but decreasing elongation. Further studies led to the conclusion that 
phase inversion readily occurs at 60-65% hard segment content and the PU went from 
being tough and elastic to a brittle plastic. Other similar studies (40,41) carried out 
with a PCL, HMDI PU discovered much the same as Zdrahal et al. (39) that increasing 
hardness, modulus and tensile strength resulted from increasing the hard segment. In 
this case, the high hard segment content brought about hard segment crystal1inity and, 
hence, the material was very brittle. 
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Studies of the hard segment content on the mechanical, dynamic mechanical 
and thermal properties have been carried out by Chen and co-workers (42). They 
studied a polyurea system based on PPG, MDI and diethyholuene diamine, and 
discovered an increase in the modulus of the rubbery plateau from DMTA studies with 
hard segment concentration. However, they discovered that the reinforcing effect of 
the hard segments to no longer improve the dynamical mechanical modulus at hard 
segment concentrations above 50%. 
It has also been proposed (43) that decreasing soft segment length is effectively 
the same as increasing the hard segment content. Studies carried out on a 
PCUMDIIBD system where the molecular weight of the ester polyol was 830 and 
2100, showed that increasing hard segment content brought about increases in 
hardness, tensile strength and modulus. The PUs based on PCL830 and 2100 showed 
very different trends with respect to the hard segment content. While the PCL830 
samples exhibited a progressive increase in Ts with hard segment concentration, the 
PCL2100 samples maintained a constant T s. Increasing the hard segment content in 
the PCL830 samples resulted in a higher degree of component mixing whereas for the 
PCL2100 samples minimal interaction of phases appears to be present. 
Studies have also been carried out to investigate the effect of increasing hard 
segment content on the soft segments. Spatlis et a!. (44), using DMT A, investigated 
this for a MDIIPTAdlBD system They discovered two tano peaks, the first at -20 to-
SoC. They discovered this peak to be sensitive to the chemical composition of the Po. 
Increasing MDI content resulted in a shift of this transition to higher temperature while 
the peak intensity became lower and broader. They proposed that this peak was a 
consequence of soft segment mobility and by increasing the MDI content (also hard 
segment content) the mobility of these soft segments were increasingly restricted. The 
second tano peak was discovered at -60°C irrespective of the MDI content and hard 
segment content. They suggested that this peak was a result of the motion of NH or 
C=O groups which have hydrogen bonded with water molecules. 
Frisch and co-workers (6) investigated the effect of hard segment content for a 
series of PUs based on C12DDI and PTMG 2000 by varying the NCO/OH ratio from 
1.2 to 2.0. They observed an increase in moduli and decrease in elongation with 
increasing NCO/OH ratio due to the hard segment content ranging from 35.8 to 
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48.7%. However, as a consequence of changing the NCO/OH ratio, the weight 
percentage of the ionic groups also decreased, which they over look in the 
interpretation of their findings. 
Wang and Cooper (45) prepared two series of PUs based on PTMGlOOO and 
2000 and systematically varied the hard segment content (25, 36, 46%). They 
discovered that the PTMG2000 series exhibited a more phase-separated structure at a 
similar hard segment concentratio'n reflected by the lower soft segment Tg• 'However, 
the mechanical properties were found to depend primarily on hard segment content and 
urea concentration, because of increasing hard domain cohesion at high hard segment 
contents. They discovered that decreasing the hard segment concentration resulted in 
a transition of morphology from an interconnecting hard and soft segment domains to 
isolated hard segment domains dispersed in a continuous soft segment matrix. Finally, 
they discovered that the increasing ability of the PTMG2000-derived samples to 
crystallise at low hard segment concentrations resulted in higher tensile strength, with 
the exception of the 46% hard fraction even though a higher degree of phase 
separation was evident. 
Sreenivasan (46) recently investigated the prospect of the estimation of the 
hard segment content of PU s by solvent absorption. He proposed that the diffusion of 
small molecules could provide insight into the intricacy of the microstructure of PUs. 
Most other diffusion studies have been aimed at either understanding the overall 
morphology of the polymer or to elucidate the diffusion mechanisms in these polymers 
(47-49). He discovered using toluene as the diffusant that the extent of absorption 
drops significantly with increasing hard segment content, due to a lack of mobility in 
the hard domains. His findings agreed with other studies (50) that the extent of phase 
mixing increases with hard segment concentration and this reduces the mobility of the 
soft segment. Hence, mixing of the hard and soft segment is unfavourable to diffusion. 
4.5 INFLUENCE OF THE COUNTER-ION 
The effect of the counter-ion on the colloidal and mechanical properties of PU 
has been studied by numerous workers. In many of the studies to be found in the 
literature, organic bases, such as triethylamine (TEA), are used to neutralise the 
carboxylic acid groups. However, there appears to be no reason why other bases 
cannot be used, especially those containing the group I and 2 metals. Hence, this has 
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generated a great deal of interest to determine the importance and the effect of 
changing counter-ion and counter-ion concentrations. Rajan et al. (51) carried out a 
study of a new PU anionomer containing -S03H groups. GPC and IT-IR were used 
for the characterisation of these samples and the effect of the counter-ion on the 
solution properties was investigated. They discovered that by changing the counter-
ion, at fixed polymer concentrations, the reduced viscosities changed in the order of Li 
< Na < K < Ca which is consistent with the increasing bonding of the counter-ion for 
the sulphonic acid group. The results agree with those ofHara et al. (52) in which he 
studied lightly sulphonated polystyrene. 
Frisch (53) also investigated the effect of mono- and divalent non-transition 
and transition metal cations on the properties of a range of PUs based on MDIIPCL 
and DMPA. They discovered that the properties exhibited by the samples were 
dependent upon the metal counter-ion. For both the non-transition metals, the tensile 
strength improved with increasing ionic potential. The extent of water ab sorption also 
followed the same trends observed for the tensile strength. However, no relationship 
was established between the mechanical properties and the ionic potential for those 
samples with the transition metals. The T g increased as a consequence of increasing 
electrostatic forces between the bound ions in the polymer chain and the counter-ions. 
A similar paper by Chen et al. (54) studied a system based on MDI, PPG and 
DMPA. Neutralisation was carried out with LiOH, NaOH, KOH, TEA, ammonia and 
trimethylamine. They discovered from their study of the effect of the counter-ion that 
those dispersions neutralised with the metal cations had a significantly smaller particle 
size (60-75nm) than those neutralised with the ammonium cations (I04-251nm). This 
phenomenon was explained as being due to differences in the hydration ability of the 
cations in the aqueous phase. Employing TGA, they examined the thermal properties 
of the films and discovered that on ionisation the onset temperature of decomposition 
decreased. Ionisation resulted in disordering of the hard domains. They concluded 
that all the systems studied decomposed mainly via cyclic elimination. 
Chen et al. (55) studied a number of anionomer samples that had a K+ counter-
ion and examined the properties of his samples which were derived from MDI, PTMG 
and 2,2-bis(hydroxy methyl) propionic acid (HMPA). They studied the effect of the 
ionisation level of these samples with KOH in comparison with an un-neutralised 
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sample and discovered a number of interesting phenomena. They discovered that only 
when the carboxylic acid groups were neutralised could soft segment crystallinity be 
identified and this increased the cohesion in the hard domains. Hence, increasing 
ionisation resulted in increasing tensile strength and elongation at break. Examination 
of the emulsification process led them to the belief that initially when water was added 
to the prepolymer it adsorbed on the surface of the hard segment microionic lattices 
before entering into the disordered hard domains. They were able to identify 
differences in the morphologies of their samples by employing TEM. They discovered 
that the morphology of the un-ionised film consisted of hard segments dispersed in a 
continuous soft segment phase. However, on ionisation the hard and soft domains 
adopt an interwoven morphology as shown in the TEM micrographs in figure 4.4. 
4.6 OTHER STUDIES OF THE STRUCTURE-PROPERTY 
RELATIONSHIP OF POLYURETHANES 
Many other studies (56-62) have been reported in the literature to examine the 
properties and structure of a range of PUs that do not necessarily fall into the defined 
categories outline above. This section gives a brief overview of some of these studies 
that may be of interest to the reader of this thesis. There are a number of papers that 
make reference to cationomers, but this class of ion om er has failed to fiod any real use 
in industrial applications. Frisch et al. (27), however, have carried out a study of a 
number of cationomers and anionomers based upon MDI, TDI, m-XDI (meta-xylene 
diisocyanate), HMDI and IPDI, and the polyols PTMG, PCL and PPG. He discovered 
that the mechnical properties and T. of his cationomers increased with decreasing 
length of the polyols, and increasing concentrations of quaternary ammonium ions and 
degree of quaternization. Substituting IPDI by MDI resulted in poorer mechanical 
properties and caused the T. to move to lower temperatures. This he explains is the 
consequence of the increasing flexibility of the symmetrical MDI unit compared to that 
of the relatively rigid IPDI unit. 
For the set of aniomomers they studied, they discuss their results in terms of 
ionic potential and charge-to-distance ratio for samples neutralised with a number of 
metal acetates from groups I and 2, and transition metal acetates. It was discovered 
that there was some relationship between the ionic potential and the mechanical 
properties exhibited by the sample when neutralisation was carried out by the group I 
and 2 metal acetates. The mechanical properties and T. of these samples increased 
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with increasing ionic potential. However, no trends were identified between ionic 
potential and the physical properties for the transition metal-based samples. 
lul 
Figure 4.4 
TEM micrographs of the un-ionized 
fdm (a) and the two KOH ionized 
ftlms (b) and (c) (55). 
! 
Ibl 
Schematic representation of 
the TEM micrographs 
lel 
The nature of the pendant anionic group has received much attention with its 
effect on the physical properties of PUs. Visser and Cooper (56) carried out a study to 
determine the influence the pendant anion type on the physical properties of PUs 
having pendant sulphonate and carboxylate groups. In their studies, the sulphonate 
and carboxylate anions were carefully selected to have similar structures, molecular 
weights and spacer groups between the main chains and the anionic sites. It was 
discovered that poorer overall properties were exhibited by the carboxylate anionomers 
attributable to their weaker acid strength. However, higher tensile moduli were 
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obselVed than had been expected. This they explain as being the consequence of the 
carboxylate's high crosslinking efficiency and the larger size of the ionic aggregates 
than in the sulphonate ionomers. The sulphonate ionomers based on a soft segment 
having a molecular weight of 1000 exhibited a higher degree of phase separation than 
that of the analogous carboxylate sample. However, in contrast, increasing the soft 
segment length to 2000 no difference in phase separation was obselVed. The thermal 
energy required for the films to flow, indicative of the disruption of the ionic 
aggregates, was significantly higher for the sulphonate ionomers, and the PTMG-based 
PU gave the samples the higher tensile strength because of its ability to stress 
crystallise. The polyethylene oxide derived PU gave the poorest mechanical properties 
because of its high degree of compatibility with the ionic groups. They concluded that 
the prospect of combining sulphonate and carboxylate ions into the same system was a 
very interesting prospect. 
In fact, in a later paper Visser and Cooper (57) adopted this ideal of preparing 
mixed anionomers. They prepared samples with varying amounts of the sulphonate 
and carboxylate ions. Tensile studies of these samples provided invaluable information 
regarding the benefits of mixed anionomer PUs. The values they obtained for the 
mono-anion samples followed the trends reported earlier (56). However, for samples 
containing 73/13 and 54/41 of SOJC02 rather unexpected results were obselVed. 
Both of these samples exhibited a greater Young's modulus than for the pure 
sulphonate ionomer. This they attributed to the greater aggregate packing densities, 
corresponding to a greater number of ionic groups per aggregate in the 73/13 and 
54/41 samples, and also to the greater ionic anchoring in the former sample and the 
increasing phase separation in the latter. These two samples boast tbe advantages of 
mixed anionomers over the single type anionomer. They concluded from their studies 
that by the incorporation of small amounts of carboxylate anion in a sulphonated 
ionomer, increasing processability was obtained by lowering the flow temperature. 
This, and the fact that the tensile strength is not greatly reduced with carboxylate 
inclusion make the concept of mixed anionomers a definite step forward in a new 
generation of ionomers. 
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Recently, combination of ionic groups and non-ionic hydropbic segments in the 
same PU have been attempted, and synergistic effects in terms of dispersion stability 
have been reported (58-61). 
Kim et aL (11,22) and other workers (27) have published papers discussing the 
effect of the incorporation of non-hydrophilic segments (ethylene propylene oxide 
ether, EOE, and bisphenol A propylene oxide ether glycol, LER) and the chain 
extender 1,4-butanediol (BD). He discovered that increasing levels of BD, at fixed 
DMPA levels, generally resulted in less long chain polyol being incorporated into the 
PU, and as a consequence the urethane content increased. These then were free to 
bond with the ether oxygen of the soft segments, and, hence, mixing of the hard and 
soft domains became more favourable. Hence, the glass transition temperature 
increases with increasing BD content. However, the increasing hard fraction as a 
result of BD incorporation resulted in higher tensile strength materials. Increasing 
levels of LER resulted in an increase in the particle size of the dispersion due to its 
lower hydrophilicity than DMP A, increasing modulus because of increasing chain 
stiffuess, and a reduction in the number of interchain interactions. Particle size was 
discovered to be independent of the amount of EOE incorporated into the PU, as a 
consequence of its temperature sensitivity. The tensile strength, modulus and even 
elongation all decreased with EOE inclusion because of the weaker interactions 
compared to a polyol such as PTAd. Another study (62) was carried out on a HDI-
trimelletic anhydride derived sample using TEM and DSC and essentially confirmed 
Kim's (10) results. 
4.7 THE EXISTENCE OF MULTIPLETS AND CLUSTERS IN 
IONOMERS 
Ionomers are synthetic polymers containing small amounts ofionic comonomer 
(63). It is known that these ionic groups can aggregate into separate domains from 
that of the bulk polymer. There are a number of models that have been proposed to 
explain how these ionic aggregates form (64,65). It is generally accepted that ion pairs 
aggregate to form multiplets. However, it has also been proposed that ion-rich 
regions, termed clusters, may also exist at high ion contents (66). These clusters 
consist of multiplets and, as well as containing ionic regions also have a significant 
amount of the hydrophobic polymer chain running through them. Multiplets have been 
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estimated to be about 5-10 A in diameter (67), while clusters are thought to be of the 
order of 20-50 A in diameter (65,33). Multiplets are believed to act as crosslinks in 
ionomers, which raise the glass transition temperature (Tg) of the materials (65). 
Clusters exhibit more complex behaviour and experimental evidence suggests that they 
possess a Tg of their own. 
The first qualitative model for the morphologies of random ionomers was 
developed in 1968 by Bonotto and Bonner (68). In 1970, Eisenberg (66) presented a 
model suggesting that steric effects limit the number of ion pairs that can aggregate to 
form a multiplet. His model also suggested that these multiplets could agglomerate to 
form clusters. Eisenberg's model was purely theoretical and was based on no 
experimental analysis. More recent studies by Forsman (69,70), Oreyfus (71) and 
Dayte and Taylor (72) dealt with the electrostatic forces between multiplets favouring 
cluster formation and the elastic forces opposing their formation. They arrived at 
similar conclusions to those of the Eisenberg model, but provided additional insight 
ioto cluster formation. Many other models have been proposed (73-78) involving 
elucidation of the structure of random ionomers. A short account of multiplet and 
cluster formation follows. 
4.7.1 MULTIPLET FORMATION 
It has already been explained that multiplets are formed from the aggregation of 
ion pairs and contain only ionic material. However, each ion pair in a multiplet 
effectively anchors the polymer chaio at the point at which it is attached. Hence, the 
mobility of this section of the polymer chaio is expected to be reduced compared to the 
rest of the chain of the bulk. polymer. These anchored chains have an opposite effect 
to that of a plasticiser by effectively reducing the mobility of neighbouring non-
anchored chains in the vicinity of the multiplet surface. Hence, each multiplet has a 
region of restricted chain mobility surrounding it as shown in figure 4.5. This region of 
restricted mobility or 'skin' is expected to be depleted of ions, sioce ion pairs very 
close to a multiplet would experience strong electrostatic forces during multiplet 
formation and would be incorporated into the multiplet. In general, the region of 
restricted mobility is far too small to possess a T g of its own, but, it is expected that the 
multiplet effectively acts as a large crosslink causing an increase in the Tg of the bulk 
polymer. 
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... r. 
Figure 4.5 Schematic diagram of resticted mobility surrounding a multiplet in a 
poly(styrene-co-sodium methacrylate) ionomer (32) 
4.7.2 CLUSTER FORMATION 
If the ion content is increased, the multiplets become closer together. If the 
multiplets are close enough, some overlap is encountered among the regions of 
restricted mobility of each multiplet. The multiplets themselves do not overlap. If the 
overlapping becomes frequent, this results in large areas of restricted mobility being 
formed. If this region becomes large enough, it can have its own T g, and this area is 
then referred to as a cluster. This is shown schematically in figure 4.6. 
The cluster exhibits behaviour of a phase-separated region. It is difficult to 
identifY the exact size of the domains at which this two-phase structure occurs. 
However, the distance between adjacent multiplets within a cluster must be less than 
twice the thickness of the restricted layer. Eisenberg' s model (79) suggests that the 
clusters can be highly irregular in shape. In contrast to other models, there is also no 
well-defined size or number of ion pairs or multiplets in a cluster. These clusters 
exhibit there own well-defined mechanical characteristics and thus clearly demonstrate 
phase-separated behaviour. Experimental evidence in the form of DMTA (79) and 
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SAXS (73) studies have provided great insight into the existence of clusters and their 
effect on Tg and mechanical properties. See figure 4.7. 
Figure 4.6 
Figure 4.7 
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CHAYrER 5 EXPERIMENTAL 
5.1 Ma terials 
The materials used in the preparation of the water-dispersible polyurethanes 
descnoed within this thesis are listed in tables 5. I and 5.2. 
Table 5.1 List of materials 
"'lime of compound (,.hhrc\ iation) Supplicr Function 
Isophorone diisocyanate (!PDI) Aldrich Chemical Company Diisocyanate ! 
l·--····················.····························· ...... __ ............................................... -........................................... ···· ...... ··.········1·············· ......... ·---····· ..................... 1 
'I,I,3,3-Tetramethylxylene Cyanamid i Diisocyanate ! 
diisocyanate (TMXDI) i 1 
I,6-Hexamethylene diisocyanate 
(HOI) 
Hydrogenated MDI (H12MDI) 
Poly( oxypropylene) glycol 1000 
(PPGIOOO) 
: : 
Aldrich Chemical Company Diisocyanate 
Aldrich Chemical Company Diisocyanate 
Dow Chemicals Polyol 
> .....•....•.•.•.•..•.•••.••...•.••.•..•.•.•...•.•.•.•.•....•..•..•.•.... -.................................................................................................. +. __ .•..•.•..•.•••.••••.•. -.•.•....••.•.•.•.•.•.•.•..•. 
! Polyol( caproIactone) diol 2000 Aldrich Chemical Company l,,' Polyol 
(PCL2000) 
i···p~iY(~~·~t;~;-;:;~thyl;;~·j··gJy~~I··i"oOO· ···Aidri~h·Ch~;:;ri~~i·c~;p~y···'..················p·~iY~(······· ...... j 
(PTHFIOOO) 
Poly( oxytetramethylene) glycol 2000 Aldrich Chemical Company Polyol 
(PTHF2000) 
I,4-cyclohexane dimethanol (CHDM) Aldrich Chemical Company Diol 
Dimethylol propionic acid (DMPA) Aldrich Chemical Company Ionic moiety 
Dimetbylol butanoic acid (DMBA) Nargase Ionic moiety 
Sulphonate diol (SDA) Zeneca Resins Ionic moiety 
Triethylamine (TEA) Aldrich Chemical Company Neutralising agent 
Ammonia (AMM) BDH Neutralising agent 
Sodium hydroxide (NaOH) Aldrich Chemical Company Neutralising agent 
Potassium hydroxide (KOH) Aldrich Chemical Company Neutralising agent 
Dibutyltin dilaurate (DBTDL) Aldrich Chemical Company Catalyst 
Hydrazine monohydrate Aldrich Chemical Company Chain extender 
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Table 5.2 List of materials 
Name of compound : Supplic,' Function 
(llhh,'c\ iation): : 
Carbodihydrazide Aldrich Chemical Company I Chain extender 
Adipic dihydrazide Aldrich Chemical Company i Chain extender 
Ethyl acetate (EtAc) Aldrich Chemical Company Solvent 
Toluene Aldrich Chemical Company Solvent 
Acetone Aldrich Chemical Company Solvent 
Isopropanol (IPA) Aldrich Chemical Company Solvent 
Methanol (MeOH) Aldrich Chemical Company Solvent 
2-butanone Aldrich Chemical Company Solvent 
Dimethylformamide (DMF) Aldrich Chemical Company Solvent 
Absolute ethanol (EtOH) Fisons Solvent 
Dichloromethane Aldrich Chemical Company Solvent 
N-methyl-2-pyrrolidone (NMP) Aldrich Chemical Company Solvent 
Tetrahydrofuran (THF) Aldrich Chemical Company Solvent 
The structural formulae of the diisocyanates used in this study were given in the 
introductory sections of this thesis. The formulae for other important materials 
including the polyols are shown in figure 5.1. 
5.2 Selection of the raw materials 
The selection of the raw materials was initially controlled by the sponsoring 
body of this work. However, these were later varied in order to examine a range of 
starting materials and to study their effect on the structure-property relationships of the 
polyurethanes. Basically, the initial prepolymer recipe consisted of an aliphatic 
diisocyanate, a linear polyol of molecular weight 1000, a short chain diol and the 
emulsifying group. A diamine chain extender was used in the dispersion stage of the 
synthesis in order to introduce urea groups into the polyurethane backbone. The final 
product can, therefore, be referred to as a polyurethaneurea. The raw materials are 
discussed in more detail in the proceeding sections. 
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HO-(CH2CH2CH2CH2-0-)nH Poly(oxytetramethylene) glycol 
HO-(CH2CH(CH3)O-)nCH2CH2-0H Poly(oxypropylene) glycol 
HO-(COCH2CH2CH2CH2CH2-0-)nH Poly(caprolactone) dial 
CH20H 
I 
CH3CH2-C-COOH Dimethylol butanoic acid 
I 
CH20H 
O(P03)H Sulphonate diol 
Carbodihydrazide 
Adipic dihydrazide 
Figure 5.1 The structural formulae of the materials used 
5.2.1 Diisocyanate 
Aromatic diisocyanates such as MDI are rarely used in the preparation of 
water-borne polyurethanes due to. their high reactivity towards water. Aliphatic 
diisocyanates are less reactive towards water than their aromatic counterparts (I) 
making them suitable components for dispersion. A large part of this work involved 
the use of wDI, a cyc10aliphatic diisocyanate. The structure is shown in figure 5.2 and 
it consists of a mixture of stereo isomers. 
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IPDI possesses a primary and a secondary isocyanate group and it is the latter 
that is 1.3 to 2.5-fold more reactive (2). It is extensively used in the coatings (3) 
industry because of this differential reactivity of its two NCO groups. This feature 
offers many possibilities for controlling the polyurethane structure by selective 
sequential reactions (4). IPDI is also 4 to 5-fold more reactive towards hydroxyl 
groups than the aliphatic diisocyanate lIDI (5) and has a similar reactivity to p-
TMXDI. These features coupled with a significantly lower vapour pressure than IDI 
make handling much safer for the user and makes IPDI a good choice for this work. 
Figure 5.2 
5.2.2 Polyols 
Isophorone diisocyanate 
(IPDI) 
The structural formula of isophorone diisocyanate 
The majority of the work here uses the polyether-based polyol, PTHF, of 
molecular weight 1000. PTHF2000 was also used in some studies to investigate the 
effect of the soft segment length. These are both white, waxy crystalline polyols 
having a linear structure. On heating, they become low viscosity colourless liquids. 
Both are readily available and are usually sold under the trade name ofTerathane 1000 
and 2000. These are known to offer better mechanical properties (6) compared to the 
other polyether-based polyols available. Polypropylene glycol was used in one case for 
a comparative study. 
Another polyol used for comparison with the PTHF-based polyurethanes was 
the polyester polyol, polycaprolactone diol. This polyol is more hydrolytically stable 
than other polyesterols and gives the resultant polyurethanes good mechanical 
properties (7). Similar to the Terathanes, they are white, waxy solids at room 
temperature, but become low viscosity liquids on heating to 50-60°C. 
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5.2.3 Chain extenders 
The chain extension process relies on the reaction of the tenninal isocyanate 
end groups in the prepolymer with the NH2 or OH groups of the diamine or diol, 
respectively, so that a high molecular weight is achieved. Therefore, for complete 
reaction and, hence, 100% chain extension to take place, a mole equivalent of the chain 
extender is required. Hence, the percentage referred to in this thesis with respect to 
the level of chain extension is the degree of chain extension that takes place on 
addition of the chain extender. Percentages greater than 100% occur as a consequence 
of adding an excess of the chain extender, i.e. 120%, and the effect of this on the 
polyurethane molecular weight and the structure property relationship was 
investigated. 
Low molecular weight diamines and diols are generally used to chain extend 
the prepolymer in order to increase the molecular weight of the final dispersion. 
Aliphatic and aromatic chain extenders may be used (8), but the former tend to be 
more reactive (9). The most important specification of the chain extender is that its 
reaction with the NCO end groups of the prepolymer proceeds more rapidly than the 
NCO groups with water. This is clearly the case from an examination of the rates of 
reaction of diisocyanates with various active hydrogen containing compounds shown 
below (10). 
aliphatic NH2 > aromatic NH2 > primary OH > H20> secondary OH > tertiary OH > 
carboxylic acid ~ urea> amide> urethane. 
Chain extension with diamines is more beneficial than diols due to the 
introduction of urea groups into the polyurethane backbone. These urea groups give 
added rigidity to the polyurethane as a result of their high cohesive energies (11) and 
better mechanical properties (12) are obtained. Hence, for this work hydrazine 
monohydrate, a linear aliphatic chain extender, was used, though carbodihydrazide and 
adipic dihydrazide-extended samples were prepared for comparison .. 
5.2.4 Ionic emulsifier I Ionising agent 
This is the most important material as the stability of the dispersion relies on 
the correct selection and concentration of the ionic moiety. However, there are few 
ionic emulsifiers available for the preparation of anionic dispersions. The most 
commonly encountered material is 2,2-dimethylol propionic acid (DMPA) which can 
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be incorporated into the prepolymer backbone. The low solubility of DMPA usua11y 
results in the use of powerful solvents such as N-methylpyrrolidone (NMP) which 
helps the distnoution of the ionic species in the prepolymer and also acts as a 
co solvent. Newer ionic species such as dimethylol butanoic acid are becoming 
available (13) with a higher solubility in acetone and methanol etc. Also, short chain 
diols with pendant sulphonate groups have been introduced (14,15). The use of such 
ionic species opens up a range of posSloilities with respect to property design. A 
sulphonate diol prepared by Zeneca Resins is used in a comparative study with DMPA 
andDMBA. 
The ionising moiety can also affect the properties of the dispersion. They are 
required for the neutralisation of the pendant acid groups in DMPA, DMBA and the 
sulphonate diol in order for stabilisation of the particle by the formation of a diffuse 
electrical double layer to take place. Organic bases appear to be favoured when 
looking through the literature and in particular tertiary amines (16) such as triethyl 
amine (TEA). However, one significant disadvantage of tertiary amines is their 
catalytic activity in accelerating the NCO - OH and NCO - water reactions. See table 
5.3. Hence, if ionisation is carried out in water at the time of dispersion it is possible 
that the NCO - water reaction inhibits particle stabilisation and competes with the 
chain extension process. The significance of the' ionisation step was investigated here 
for TEA. 
Also, there appears to be no reason why inorganic bases such as NaOH and 
KOH cannot be used. Hence, a series of water-dispersible polyurethanes were 
prepared with all three in a comparative study of the effect of the ionising moiety. 
Table 5.3 Rate constants for the reaction of phenyl diisocyanate with 2-
methoxyethanol and water in the presence of amine catalysts (17) 
Catalyst Rate constant, k" llO"dm'mor's" 
PhI+-OH PhI + H,O 
Dimethylethanolamine 43 6.5 
Triethylamine 16.4 5.5 
Tetramethylpropanediamine 63.9 68.5 
Tetramethylhexamethylenediamine 50.5 17.4 
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5.2.5 Catalyst 
Finally, a catalyst was used to accelerate the isocyanate - hydroxyl reaction. 
Tin compounds are commonly favoured (18) and dibutyItindilaurate, (DBTDL), 
(CJI9hSn(OCOC IOH2oCH3h, was used throughout these studies. It has been shown 
(2) that the identity of the more reactive NCO group in IPDI is catalyst dependent. 
DBTDL activates the reactivity of the secondary NCO group in favour of the primary 
NCO group. Other catalysts such as 1,4-diazabicyclo(2,2,2)octane can be used in 
which the opposite effect occurs (2). 
The properties of the diisocyanates and the polyoIs used are outline in tables 5.4 and 
5.5. 
Table 5.4 A list ofthe properties of the diisocyanates used 
PrOlle,1y ; lsophoro". : Tetnlmelhylxylene . 4A- : 1,6-
dii~O(~·anate· diiso('\':luat~ meth,'lelltbis(c\clnh~:\,'1 11(:':\alU~th,'h.·l1e 
, ':' ~ • iMJ{, \ :InH~l') ': diisoc\'al~me 
Abbreviation· i !PDI i TMXDI HI2MDI i HDI 
..................................•.................................•............................................................................ _-................................ ; ............................................. . 
Molecular 1 222.3 1 244 262: 168 
.~,~t .............. ;........................;................ ........................................................ ) ........................................ . 
... ~~.~~.9... ...... L .......... 3.!.:~ ............ L ................. 3.~:~ ................................... J~......... ......... L... ........... s..Q .................. . 
Phvsical form i liquid: liquid liquid i liquid 
Functionality i 2 2 2 2 
Viscosity at ! 
20°C (mPa.s) : 
15 9 N/A 2.7 
Density : 1.062 j N/A 1.029, 1.046 
... Jlt~'.I1:'.L ...... l..... ................. :......................................... ................................................+ ........................................ . 
Boiling point i 153 i 150 245 i 127 
(0C) :: i 
···~~~t;~g·p:;;;~t·T·····:60········T·············:'O······················· .. 6(i::"j"j············r .. ·· .. ···:(;:;····· 
Vapour 0.05 0.4@ 100°C N/A 2.7 
pressure at. i . 
... ~.O'~~J~L ........ l ............................. ..1............................................ .....................................................~ ........................................... . 
Flash point. i 142-145 i >93 N/A i 140 
closed cup:: i 
... C9 ...................... .1. .......................... L .... .................................................................................................. 1... ...................................... . 
* The abbreviations used throughout this thesis 
5.3 Characterisation of the raw materials 
Generally, the raw materials were used as supplied. However, prior to the 
synthesis of the polyurethanes, a programme of characterisation of the most commonly 
used raw materials was carried out This included nuclear magnetic resonance (NMR) 
spectroscopy, infra-red spectroscopy (FT-IR), differential scanning caiorimetry (DSC) 
etc. of IPDI, PTHF I 000 and PTHF2000 in order to establish the purity of the starting 
materials. 
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Table 5.5 A list of the properties of the polyols used 
P'·Opt'rt.l' ; Pol~' PQI~' Poly . Pol~ 
; (tet ... II,~·d,"Of"r.n) (tetr:,hydmfnr:m) (mYtH"pylen.) (r"prol,clone) 
, 1000 . 1000 l!1) col f lion dinl lllW 
Abbreviation' i PfHFIOOO PfHF2000 PPGIOOO PCL2000 
Type polyether polyetber polyetber polyester 
.................................. .;. .............................................................................................................................................................................................  
::Iar' 1000 2000 1000 I 2000 
Hydroxyl 37.8 34.4 
value, 
(mgKOH/g) 
Physical form white/waxy solid white/waxy solid 
Functionality 2 2 
32 
yellow viscous 
liquid 
2 
50 
white/waxy solid 
2 
.. ·vi;;~~;;itY·~i····(· .. ····.... .. · .. ·· ................................................................................ ... ! ................................... .. 
60°C (mPa.s) i N/A N/A N/A i 525 
40°C (mPa.s) i 260-320 940-1450 N/A i N/A 
.................................. l. .............................................. -............. -...................... -... -... -............... -...................................... ~ ......................................... . 
Density at ! ! 
§Z~~il~: ---~~----~:-!-:i;, 
* The abbreviations used throughout this thesis 
5.3.1 Determination of tbe isocyanate content (19) 
The following procedure was used to determine the isocyanate content of the 
free diisocyanates and the prepolymers. This is a simple technique consisting of the 
treatment of the sample with an excess of dibutylamine in toluene. This reacts with the 
isocyanate groups which can then be back-titrated with nitric acid using bromocresol 
blue as the indicator. The end point is seen as a colour change from blue to yellow, 
which must persist for at least 15 seconds. By canying out a blank titration, the 
isocyanate content can be calculated using the equation below. 
%NCO = 42N (VI - V2) 100/1000W = 4.2 (VI - V2) I W 
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N is the molarity of the acid (IN nitric acid), VI and V2 are the volume (cm3) of nitric 
acid titrant used to back-titrate the blank and the sample, respectively, W is the mass of 
the sample (g) and 42 is the relative molecular mass of the isocyanate group. 
All the isocyanates studied were satisfactory and were considered pure. 
5.3.2 Hydroxyl number determination of the polyols 
The hydroxyl number is defined as the amount of KOH (rug) which is 
equivalent to the amount of hydroxyl groups in one gram of sample. There are a 
number of techniques available for the determination of the hydroxyl value of different 
hydroxyl-terminated materials. One such method (20) is phthalylation of the polyols. 
This involves reacting the polyol at 115°C for one hour with an excess of phthalic 
anhydride in pyridine. This is then back-titrated using KOH and phenolphthalein as the 
indicator. However, another method (21) was used in this instance, since this method 
eliminated the necessity for heating at 115°C. This involves reacting the sample with a 
solution of dimethylaminopyridine and a 5% solution of acetic anhydride in NMP. 
This was allowed to stir for 15 minutes before addition of water (1 ml). The mixture 
was continually stirred for a further ten minutes and then titrated against a O.IN KOH 
solution using phenolphthalein as the indicator. The end point is seen as the colour 
change from colourless to pink. This was carried out in duplicate and a blank titration 
allowed the calculation of the hydroxyl value by use of the equation below. 
%00 = (VI - V,) N 56.11 W 
V I and V 2 are the amount (cm3) of titrant required for the blank and samples, 
respectively. N is the molarity of the KOH, W is the mass of the sample (g) and 56.1 
is the relative molecular mass ofKOH. 
5.3.3 Melting point by differential scanning calorimetry (DSC) 
The melting temperature and the heats of crystallisation were determined for 
the polyols used. The instrument is described in detail in a later section. The polyol 
samples were heated from room temperature up to 100°C at a 10°C per minute heating 
rate. The melting points and the heats of fusion for each polyol are shown in table 5.6 
and in figure 5.3. 
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The melting points and heats of fusion the the polyols determined 
by differential scanning calorimetry 
Pol,ol ; Melting point, Tm (0C) lIeat of fusion (.Jlg) 
PTHFIOOO : 23 68.5 
["·~~~~·~." .. t: .... · ....· ...... : ........ :::::~~·.:·.···.:· .... · .............. : ......... : .:.:· ... ::·.::·::··.· ..... :::.~.s..:~:·:· ... · ..:···.· .... OJ 
i PCL2000 i 52 62.3 i 
1 ................................... 1 .................................................................................... _ ........ _ ........ __ .................... J 
5.3,4 Analysis of raw materials by NMR and IT-IR Spectroscopies 
The diisocyanates and polyols were examined to check their purity. The proton 
NMR spectrum in figure 5.4 shows that oflPDI. This is similar to spectra that can be 
found in the literature (2) 
The FT-IR spectra are also shown for IPDI (a) and PTHFIOOO (b) in figure 
5.5. In addition, the spectra for the prepolymer and the polyurethane obtained when 
these are combined are also shown as (c) and (d), respectively. The NCO band is 
significant in spectrum (a) at 2300 cm" and the absence of a peak at 3400 cm", 
representing NH groups, confirms that no detectable reaction has taken place with 
water. The spectrum of the polyol (b) shows the OH band at 3400 cm" and those 
bands representing the ether groups between 1100 and 1500 cm". Spectrum (c) of the 
resultant prepolymer indicates the disappearance of the OH band and the appearance of 
NH groups shown by the appearance of the band at 3300 cm". However, the NCO 
peak was also predominant, as expected in an isocyanate-teiminated prepolymer. This 
disappears on chain extension with diamine to form the final polyurethane. The chain 
extension process was confirmed in spectrum (d) by the appearance of a band at 1640 
cm" corresponding to urea group formation. 
5.4 General procedure for the preparation of water-dispersible polyurethanes 
The polyols were dried at 0.1 mm(Hg) and 80°C for 3 hours before use. 
DMPA, triethylamine, N-methyl-2-pyrrolidone and CHDM were used without further 
purification. Dibutyl tin dilaurate, (DBTDL), used to catalyse the reaction, and the 
chain extenders were used as received. 
The procedure outlined below was used for all the samples prepared except 
where otherwise stated. The prepolymer reaction apparatus, shown in figure 5.6, 
consisted of a 250ml flange flask and lid fitted with a nitrogen bubbler and inlet, a 
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thennometer and a stirrer paddle. The reaction temperature was controlled using a 
constant temperature oil bath. The CHDM, the polyol and the DMPA as a solution in 
NMP were weighed out into a clean, dry flask. The contents were then heated to 50 C 
with stirring to homogenise. At 50 C, the diisocyanate and the first portion of 
DBIDL were added. The reaction temperature was increased to 95 C, where it was 
maintained for I hour. A further portion of catalyst was then added and the reaction 
continued at 95 C for a further hour. The temperature was then lowered to 70 C and 
the experimental isocyanate number was determined using the standard dJ.butylamine 
back titration method (19). On achieving the theoretical NCO value, pre-neutralisation 
of the carboxylic acid groups was carried out by the addition of the TEA. The 
temperature was maintained at 70 C for 30 minutes, at which point a prepolymer had 
now been prepared. Dispersion was carried out by slowly adding the prepolymer via a 
funnel to a 3-necked round bottomed flask containing the water and the chain 
extender, hydrazine monohydrate. The flask was fitted with a stirrer and a condenser 
as shown in figure 5.7. Dispersion was carried out over a 40 minute interval to ensure 
the dispersion temperature did not exceed 40 C. The dispersion was then allowed to 
stir for a further 30 minutes. The majority of the dispersions were prepared at 35 
weight percentage solids. 
Filnis from the samples were prepared by pouring the dispersion into an 
aluminium mould. The films were allowed to dry at room temperature for 2 days. The 
residual water was removed by placing the films overnight into a vacuum oven at 
25 C. These films were then used for DMTA, DSC, swelling, tensile testing and wide 
angle X-ray diffraction studies. 
The reaction was monitored by recording the percentage of NCO groups 
remaining with time during the prepolymer synthesis. The time required to obtain the 
theoretical NCO value and the rate at which the NCO - OH reaction takes place is 
highlighted in the graph in figure 5.8. From the graph, one can clearly see that the bulk 
of the NCO groups have reacted in the first 20 minutes. A further portion of catalyst 
was added after 60 minutes. The NCO groups remaining continue to react until the 
theoretical NCO value of approximately 7.95% is achieved. This represents the 
reaction ofIPDI with DMPA, CHDM and PTHFIOOO at a prepolymer NCO/OH ratio 
of2. 
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Figure 5.4 The NMR spectrum of IJ>DI 
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5.5 Synthesis programme for the study of the water-dispersible and solution 
polyurethanes 
In some of the studies, it was useful to represent the stoichiometric proportions 
of the materials used by block ratios. These are based on the stoichiometric equivalent 
molecular weight ratio of the diisocyanate used. For example, a block ratio of 
110.5/0.25/0.5 would signify that with respect to the diisocyanate there is .0.5 of the 
polyol, 0.25 of the ionic emulsifier and 0.5. of the chain extender. Hence, in this 
instance 110.5/0.25/0.5 is used as an abbreviation for NCO/OHlCOOHINH2 • The 
studies undertaken are described in more detail in the following sections. 
5.5.1 Water-borne versus solvent-borne compositions 
The properties of both colloidal dispersions and polyurethane solutions were 
examined for samples of identical prepolymer composition. Polyurethanes based on 
!PD!, PTHFIOOO, CHDM and DMPA were studied. In this instance, a single chain 
extender, hydrazine monohydrate, was used and 9 weight % NMP based on 
prepolymer solids as co-solvent. In all the studies, DBTDL was used as the catalyst. 
The level of the chain extender was varied. This is quoted as a percentage in table 5.8. 
In this case, 100% chain extension denotes a molar equivalent amount of chain 
extender added to the NCO- terminated prepolymer. This is explained in more detail 
in section 5.2.3. Table 5.7 shows the block ratios that were used in the preparation of 
the samples. 
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The block ratios for the samples prepared as dispersions and 
solutions 
Samplc "cfcrcncc £qui"lllcnt 11101 nltio: Comlllcnt 
. ;\"CO/OIlfCIIIHIfOMP.·VCI·: , 
.. A.Q.1. ....................................... J.. ................ y.Q.}.2.!.O':}!.Q}.~t.Q:.s. ................... L.9..~%.5~.a.!.n.:.~~~<l.t:.<l. .. ~.e.!..s.i~.n. ........ j 
AQ2 i 110.22/0.110.18/0.6 i 120% chain extended . ersion i 
SOLI 1/0.22/0.1/0.18/0.75: 150% chain extended solution in: 
................................................... , ............................................................................. J .. !!!F................. ............................................ ...J 
SOL2 i 110.22/0.110.18/0.6 i 120% chain extended solution in i 
.................................................. ..i. ................................................................................... L!!!F. ................................................................. ...1 
SOL3' i 110.22/0.28/0.00/0.6 i 120% chain extended solution in ! 
i i EtOH i 
! ! NoDMPA ! 
··i·soij· .. w.;s .. p~ep;;;~·~tho;;-i .. the .. io;;jc .. moietY· ..... In .. o~de~·io .. n;;;ni3in .. a .. ;;irniia;:·~;:;;~itio~ .. to .. ih~ .. · ........ ' 
other samples, a molar equivalent of extra CHDM was used. In this instance, 40 _iglu % ethyl 
acetate was used as a co-solvent. 
Table 5.8 The specifications for the water-dispersible & solution 
The specifications for all of these samples are outlined in table 5.8. A typical recipe for 
the preparation of a water-dispersible polyurethane which would satisfY the 
specifications outlined for AQ2 is shown in table 5.9. 
Table 5.9 A typical recipe used in the water-borne versus solvent-borne 
stud 
Component wt/~ 
.............. J.:>.r.~P..().IY.!I.I.e.r.: .. ~~.t.IJ.e.~!~ .................................................... .. 
IPDI 80.55 
PTHFIOOO 79.25 
CHDM 5.34 
DMPA 8.55 
........................................................... __ .......... -..................................................... . 
NMP 17.50 
DBTDL 0.02 
Neutralisation 
.. !f.:A .................................................................. L ............ ~:.~~ .......... . 
Dispersion 1 chain extension 
.. !l:y!l!.~.~.t: .. ':I!IJ.~':l~y.~!.a.~t: ............................... }9.:.~~ ......... .. 
Water 305.10 
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5.5.2 A study of the effect of the level of chain extension 
In order to further elucidate the effect of the chain extension process, a number 
of samples were prepared with varying degrees of chain extension. See table 5.10. 
Table 5.10 The block ratios for the samples prepared in the chain extension 
study 
Sample reference Equh':!Icnt moll'atio . Comment 
;'1eO/OH/CH IHI/Oi\l "A/Cl:: 
HydraziDe monohydrate 
series 
.f.!YI??.B............................................ . ............... yO'.:~~I.Q:}l.o.).~!g.:.s..o. ................ .L~~~~ .. ~b.:~.t':."!.t:'l:~'>.~ ........ i 
HYDllO 110.22/0.110.18/0.55 : 110% chain extension: 
.. !:I.Y.P. .. I.~O' .................................................. ............ }I.Q:?~I.O':YQ:}s.I.Q:~Q .............. .!.).~O'~&..(;.h..~.~~~.s.i.<>.D.: ..... j 
HYDl30 110.22/0.110.18/0.65 : 130% chain extension 1 
........ ~.1I.r..1J.<>.ct..i!t.Y.~1I:~.d.:~ .. ~.e..r.i.~.s........ .............................................................................................. ........................ i 
CAR98 110.22/0.110.18/0.50 : 98% chain extension: 
.. f.~.l}.o. ................................................................ yO':.~.~I.O'.:YQ:}s.I.Q:.?? ............ i .. }}g."(o. .. (;h..a.i:n.:.~~~.s.i.().D.: .... j 
CARI20 110.22/0.110.18/0.60 : 120% chain extension: 
CARl30 110.22/0.110.18/0.65 : 130% chain extension : 
······Adipi~··d"ihyd;~rid~··~~~i~~ .. ···· .............................................................................................................................j 
ADI98 110.22/0.110.18/0.50 1 98% chain extension . 
.......... -......................................................................................................................................................... -; .............................................................. ~ 
ADIlIO 110.22/0.110.18/0.55 : 110% chain extension 1 
AP.I.!.~Q........................................ . ............ )!'O'.:~.2.I.Q).l.O':).s..l.O'.:.6.g...... ...... l...PQ~.£~~t':."!.t:'l:.~'>.~ ... .l 
ADIl30 110.22/0.110.18/0.65 : 130% chain extension 1 
These samples were prepared as dispersions only. The prepolymer composition 
remained the same throughout the study and was comparable to that outlined in 
section 5.4.1. However, in these studies, three different chain extenders were 
examined at varying levels of chain extension. The block ratios are represented in table 
5.10. 
Table 5.11 shows the specifications for the hydrazine series of samples. However, 
these were applied to all the samples irrespective of the chain extender used. 
Table 5.11 The specifications for the chain extended samples 
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5.5.3 The effect of increasing neutralisation 
In order to investigate the effect of the degree of neutralisation on the 
structure-property relations of polyurethanes, a number of samples were prepared with 
increasing neutralisation. In order to prepare stable dispersions at low levels of 
neutralisation the level of DMPA was increased to 10 weight % on the prepolymer 
solids. The level of NMP was increased to 30 weight % to control the prepolymer 
viscosity and make the dispersion process easier. The prepolymer molecular weight 
was increased by lowering the NCO/OH ratio to 1.6. Post-chain extension was carried 
out using hydrazine monohydrate at a 98% level. Neutralisation was carried out in the 
water during dispersion. NaOH was used at varying levels as the neutralising species. 
The block ratios are outlined in table 5. 12. 
Table 5.12 The block ratios for the sa~ples prepared in the neutralisation 
study 
Sample ,·cfercncc: E<lui< slcnt mol ratio: COll1ment 
NCO/OWClH)M/I)i\Il'A/i"iA . 
... Nl;l9..I.I. .. s.~r..i~s..... ............ , ...................................................................... T........................................................... ...... ! 
Na40 i 110.22/0.04/0.37/0.15 i 40% neutralisation i 
.. ~.~.6.g ....................................... ,..... ..... .Yg.:~.2.!Q:.Q1.!Q:.3..?!Q:.2..3. ............. L6..Qcy.,.Il.c:.\ly:~I.i.":"~!".~........................... ....... , 
Na80 . 110.22/0.04/0.37/0.30 i 80% neutralisation : 
NalOO . 110.22/0.04/0.37/0.38 : 100% neutralisation . 
.............................................. -.............................................................................................................................................. -......... -.-............................. : 
The specifications for these samples are outlined in table 5.13. In table 5.14, a typical 
recipe for a sample that has been 40% neutralised by NaOH is shown. 
Table 5.13 The specifications for the samples of increasing neutralisation 
Na-tO Na60: "' .. SO ",;,100 
Prepolymer . 1.6 1.6 1.6 1.6 
··ri~f~~·PUR·~~lid~···!········i·o········· ······)"0·····:-·····"]0········ ········)"0········ 
(wt%) . i 
.. .N~Il,t.r.~~t.i~l:l.tYc>J.. ........ .L ...... ~Q ......... ....... ~Q ...... L. .... ~g ........ ....... ~.~.~ .... . 
Chain extender (%) i 98 98 1 98 98 
.§.().~~~ . .ey..>............ ................ l... ... J5. ............... ~.~ ....... L ..... ~? .................. 2..5. ....... . 
5.5.4 The influence of the neutralisation step 
The neutralisation process was studied for two samples. One sample was 
neutralised prior to dispersion and chain extension. The other sample was neutralised 
in the water phase during dispersion and chain extension. The aim of this study was to 
investigate the influence of the neutralisation stage on the colloidal and mechanical 
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properties of the resuhant polyurethanes. Both samples were identical in structure and 
were prepared with identical block ratios and specifcations to HYD98 outlined in 
tables 5.10 and 5.11, respectively. The only difference in the samples was the 
neutralisation stage. 
Table 5.14 A typical recipe for the synthesis of a 40% TEA neutralised sample 
('onllloncnl wt/!: 
.............. !'!~p..~.IY.!l.l.e.! .. s.Y.J:I.t.l1:~s.~ ....................................................... . 
IPDI 67.50 
PTHFIOOO 65.79 
....... -.......................................................................... -......................................... . 
CIIDM 1.74 
DMPA 15.00 
NMP 45.00 
DBTDL 0.03 
Dispersion / neutralisation 
NaOH 1.79 
Water 405.18 
Post-chain extension 
...................................................... ·····························T· .. ······················ ............... . 
HydraziDe monohydrate 5.58 
5.5.5 Changing the counter-ion 
In these studies, the prepolymer composition remained constant throughout as outlined 
in the chain extension studies. The level of chain extension used was 98% in all cases 
and the neutralising species were TEA, KOH, NaOH and NH3. Neutralisation and 
chain extension were carried out during the prepolymer dispersion. The specifications 
are outlined in table 5.\5. All the samples were of comparable structure and the effect 
of the neutralising cation was examined. 
Table 5.15 The specifications for the study of samples with differing counter-
ions 
! Prepolymer 
! NCO/OH 
OR(; ORG INOR(; Il'IORG 
. I :2 \ 2 
2 2 2 2 
! DMPA on PUR solids 4.9\ 4.91 4.91 4.9\ 
! (wt%) 
i ... ~~':l~r.lI:~~\n..g.c.lI:!i.().~ .............. L..~~1f. ....... ~~ ............. ~.a.~ ............ ~~ .... .. ! Neutralisation (%) ! 100 100 100 100 
LG~lI:\n. .. l!.~.~.4.~!.("!c>t ......... L ... ?.~ .......... ?~.. ............ ~~ .................. 9..~ ........ .. 
i Solids (%) i 35 35 35 35 
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5.5.6 Changing the hard segment content 
The effect of the hard segment content was investigated for samples based on 
IPDI, PTHF2000, CHDM and DMPA The NCO/OH ratio was kept the same in all 
the samples and the PTHF/CHDM ratio was varied in order to change the hard 
segment content. The ionic content was 4.91% on prepolymer solids. The block 
ratios for these samples are outlined in table 5.16. 
Table 5.16 Block ratios for the samples with increasing hard fractions 
SamJlle referencc Equinllellt 11101 ratio: Co III III cnt 
;\CO/OIII("JIIHIf()M P,\fU: 
P38 1/0.23/0/0.27/0.49 38% hard 
P54 . 1/0.12/0.2/0.19/0.49. 54% hard ! 
·pS8···································T··············i!o:-!·oiii-:2iiiijs/O:·49·········T····························S·S%··h;d"·······························: 
.. ~~.~ ....................................... , ............. y.O':9.?I.9.:}?!9.:}.~(O':~.9. ............ j ............................. 6..~.r....~.II!.~ .......................... .! 
The specifications for the samples are shown in table 5.17 and a typical recipe used in 
the preparation of a sample having a 38 weight % hard segment is shown in table 5.18. 
Only the PTHF/CHDM ratio is used to vary the hard segment concentration. The 
prepolymer NCO/OH ratio and the level ofDMPA remain constant in all the samples 
prepared in table 5.16. 
Table 5.17 The specifications for the samples with increasing hard segment 
fractions 
! Prepolymer 
! NCO/OH 
P3S' P5" P58 P68 
2 2 2 2 
! DMPA on PUR solids 4.91 4.91 4.91 4.91 
! (wt%) 
L~~IJ.t.~~.~t.i~l:l . .("!<>J.. ........... .L.JO''O' .......... ..I.O''O' ............... 10.9.... ........ )9.9. ....... . ! Chain extender (%) ! 98 98 98 98 
l .. ~<>.~~~ . .("!<>J ............................ L .. }.s. ....... ..... J5. ....... .... }.?.......... . ...... ...3..5. .......... . 
! Hard segment content! 38 54 58 68 
: (%) : 
• CHDM was included in the other recipes in order to increase the amount of hard 
segment present in the polyurethane. 
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Table 5.18 A recipe for the preparation of a sample with a 38% hard segment 
·fraction 
(:0111 Jonent wtJg 
Prepolymer synthesis 
IPDI 53.84 
.................................................................. -......................... ---_ ....... -................... . 
PTIfF2000 111.39 
CHOM 0.00 
DMPA 8.62 
NMP 17.50 
............................................................................................................................. 
DBTDL 0.02 
Neutralisation 
··TEA·····················································r············6:50·············· 
.... ~.~.P~r..S.i.Cl.JY.~~!I.iJ.l .. I!:s:~~'1..S.i.Cl.'1........ . ................................. . 
Hydrazine monohydrate 5.98 
Water 305.10 
5.5.7 Changing the diisocyanate 
The effect of the diisocyanate on the polyurethane properties was investigated 
for polyurethanes based on PTIfFI000, CHOM and DMPA. The isocyanate building 
block was kept constant in order to maintain a constant ionic group concentration in all 
the samples. The level of CHOM was varied in each case in order to maintain the 
NCO/OH ratio and the hard segment content. The polyurethanes examined here were 
based on IPDI, TMXDI, HOI and H12MDI. Blends were prepared using a 50:50 
diisocyanate mix of TMXDIIIPDI and HOIIIPDI. Simi1arly, the isocyanate building 
block ratio and ionic group concentration remained constant. The block ratio 
(NCO/OHlCHDMlDMPAlCE) for the homopolymers 
Simi1arly, for the diisocyanate blends, 
was 1/0.22/0.10/0.18/0.49. 
the block ratios 
(NCOdNCO~OHlCHOMlDMPAlCE) were 0.5/0.5/0.22/0.10/0.18/0.49. The 
specifications for each sample studied are shown in table 5.19. 
Table 5.19 The specifications for the samples based on differing diisocyanates 
.. ,' ,; IPI)) ; TMXDI II,oi'lOl 1101' IPIlI/UDI ' IPDJ/Ti\1XIlI 
Prepolymer 2 2 2 2 2 2 
NCO/OH .. .: 
.-............................................................................................................................................................... ; .................................. ; .......................................... . 
DMPA on PUR solids i 4.91 i 4.91 4.91 4.91 i 4.91 i 4.91 
I·wt°/ \ " " \' IO) :: :: 
.. .l'I.~~t!a.~s.a.~~!J.~.(rc»...L}9.9...LI9.9. ............... ..I.9..0' ............. I9.9. .. ..:. ....... I..o..o.....1.. . ..I.9.9...... 
Chain extender (%) i 98 i 98 98 98: 98 : 98 
... ~~.~~s. .. ('~L.... ............... .L .... }.5. ....... : ........ }5......}.5... .... J5. .... L .... 3..5. ............ L.....J5..... .. . 
Ratio of diisocyanates : : i 50/50 i 50/50 
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A typical recipe for a sample prepared with the above specifications for a sample based 
on TMXDI is outlined in table 5.20. 
Table 5.20 A typical recipe for the preparation of a TMXDI-based 
polyurethane 
Component wtJg 
.............. ~~p..Il.IY..JI.l.e.! .. ~Y!l.t.~~s.~ ..................................................... . 
TMXDI 84.93 
PTHFIOOO 76.13 
...... -..................... -............................................................................................... . 
CHDM 4.88 
OMPA 8.59 
NMP 17.50 
OBTDL 0.04 
Neutralisation 
.. }EA .................................................................. : .. L ............. ~:~? ............ . 
Dispersionichain extension 
.. !ly.!I!.~.~~ .. ':I.l'.l~'.l~y.c:I:r.a.~~ ...................................... ~.:.s.3.. ............. . 
Water 305.10 
5.5.8 A study of polyol molecular weight and structure 
For this study, the structure and the molecular weight and its effect were 
examined for samples based on IPOI. In this instance, PTHF and PPG of molecular 
weight 1000 and PTHF and PCL of molecular weight 2000 were employed. For a 
comparative study, the level of CHDM was varied in order to maintain a constant hard 
segment content (56 weight %) and ionic group concentration. The block ratios for 
the samples are shown in table 5.21. 
Table 5.21 Block ratios of samples prepared using differing soft segments and 
soft segment lengths 
Samplc "cre"cncc t:quivalent mol .-lItio 
NCO/OI1lCHDi\I/Oi\l PA/Ct: 
j PTHFI 1/0.22/0.10/0.18/0.50. 
~ ........................................ -.................................................................................................. : 
: PPGI 1/0.22/0.10./0.18/0.50 j 
i...I.'!!I:F.:? ............................ ............... Jlg.:.!2.!.~:2.Q(9.: .. I.~t.9.:.5..~ ........... , 
i PCL2 1/0.12/0.20/0.18/0.50 i 
The specifications for the samples are outlined in table 5.22. 
A typical recipe for a sample with a block ratio of 1/0.22/0.1/0.18/0.5 using 
PTHFIOOO is shown in table 5.23. 
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Table 5.22 The specifications for samples with differing soft segments 
: "TIIFI "PG I "TlIf'2' feU 
j Prepolymer 2 2 2 2 
i NCO/OH i i i ; ••.•••••• __ ••••••.••••••••••.••••••••••• __ .•••••••••••••••••.•.• ; ••••••••••.•••.••.••••••••••••.•.••• -.••••••• -•..••..•.•••.••.•••••••••••. !" .......................... : 
, DMPA on PUR solids ,4.91 4.91 4.91, 4.91 , 
lJ~.~L .............. ;; .. ;.; .............. J...................... ........... .............................. ; ..................... .1 
i Neutralisation I %, i 100 100 100, 100 i 
j ... c:;.~.a.~ .. e.~~IlA~r.J'Y.oJ .......... L ...... ~~........ . ........ ~~........ . ........ ~~ ......... : ......... ?.~ ........ .l 
j Polyol molecular j 1000 1000 2000 j 2000 j 
, weililit, " '. . 
i Solids 1%\ ,35 35 35 i 35 i : ..................• ~ ... _.'1 ...................................................................................................... _ .......•... : .............. _ ........... ~ 
Table 5.23 A typical recipe for the preparation of an IPDI-based sample 
Component wt/g 
............... J.'I:e..P.IJ.I.Y..J!I.t:.r. .. s.~~~.e.~.i.s............... . ...................................... .. 
IPDI 80.55 
PTHFIOOO 79.25 
........................................... -....... -........ -................................................................ . 
CHDM 5.5 
DMPA 8.55 
............................................................................................................................. 
NMP 17.50 
DBTDL 0.02 
Neutralisation 
.::rE.A.......... ........................................... .l.. ............. ~:~.~ .......... . 
Dispersioolchain extension 
.. I:!y.c:I!~~~ .. IJ:l.()JOl.()~y.<!r.l1.t.e. ...................................... ~:.~~ ............. .. 
Water 305.10 
5.5.9 Changing the ionic moiety 
Three stabilising groups were employed in this study. These were DMPA, 
DMBA and a specially prepared diol with pendant sulphonate groups. The ionic molar 
ratio was kept constant, but because of differences in molecular weight (DMP A-134; 
DMBA-148; SDA-474) of the three ionic components the weight % on prepolymer 
solids increased. The ratio of IPDI and CHDM was altered accordingly in order to 
incorporate each of the ionic species, whilst maintaining the NCO/OH ratio and the 
hard segment content constant. 
The block ratios are shown below in table 5.24. The SDA was treated as being 
part of the hard segment for calculations of the hard fraction. 
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Table 5.24 Block ratios (or the samples stabilised with differing ionic 
components 
Sall1ple n:fcrence - F.quh·alcnt mol r:ltio 
NCO/OIIICIIIHlllonic/C[ 
LpMl'.A ___________________________________________ y~_:_2._2.!.O'_:.I __ O'!2:}~t.9.:_s..<>.________ ___ i 
: DMBA 110.22/0.10./0.18/0.50 , 
L __ S.PA_______________ ___________________ ______________ .Y9.:_??t.9.:g~t.~_}~!O'_:_5.Q_______j 
The specifications, shown in table 5.25, highlight the differences in the weight % of the 
ionic species_ 
Table 5.25 Specifications (or samples prepared using DMPA, DMBA and 
SDA 
0"'.',\ : Ui\IIU SIM' 
Prepolymer 2 2 2 
-ri~f-~~--PUR-~~lid~------ ------4-~9i-------L--i42----- -----i-s:-4il' 
__ (~~L _________________________________________________ L ___________________________________________  
Neutralisation (%) 100: 100 100' 
___ ~b.:lI_~ __ t:_x..t_e.1.l~~r.J~L ____________________ ?_~ ________ .L _______ ?_~ ___________________ ?_~ ____ ._. __  
Solids(%) 35 : 35 35 
• The SDA was already fully ionised with sodium hydroxide (S03 ~a +) when received, 
and was used without modification. 
A typical recipe for the incorporation of the SDA is shown in table 5.26. 
Table 5.26 A typical recipe using SDA as the stabilising moiety 
Cum loncnt wl/" 
Prepolymer synthesis 
IPDI 65.49 
PTHFIOOO 79.97 
CHDM 1.51 
SDA 26.87 
NMP 17.50 
DBTDL 0_02 
_______ ~_i~p.~r._s.i_<>.'-"-~J:1!1_i,tI __ ~:I.~~~.s.i_()_~____. ________ . __ ... ______________ __ 
Hydrazine monohydrate 7.22 
Water 305.10 
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5.6 Characterisation techniques 
5.6.1 Characterisation of the dispersion and solution 
5.6.1.1 Particle size 
The particle sizes of the dispersions were detennined using Malvern K7025 
photon correlation spectrometer. The sample was diluted to the required 
concentration with distilled water prior to measurement. 
5.6.1.2 Viscosity 
The viscosities of the dispersions and solutions studied were measured by use 
of a Haake DC3 (22) rheometer. A 'cup and bob' set-up was used to detennine 
viscosities at various temperatures. This technique was also used to detennine 
viscosities and flow activation energies for prepolymers prepared using a range of 
diisocyanates. The viscosities were measured over a range of shear rates from 0 to 
500s· l , and because of the pseudoplastic nature of the samples, the viscosities are 
quoted at a shear rate of IOOS·1 
5.6.1.3 pH 
The pH of the samples was detennined using a glass electrode and a saturated 
calomel electrode which had been standardised with borax and potassiun hydrogen 
phthalate solutions. 
5.6.1.4 Minimum fIlm forming temperature (MFFT) 
The apparatus (23) consists of a copper plate along which a temperature 
gradient can be established, in this case from I to 35 C. A length of polyethylene tape 
was placed along the length of the copper plate which is then wiped with 2-butanone. 
The sample was cast along the tape using a casting block and then left to dry. 
Nitrogen was allowed to blow gently over the sample to aid solvent evaporation and 
reduce the drying time. The sample was then re-examined when dry and the point at 
which the film was no longer coherent marked. The temperature at this point was no 
longer high enough to allow the film to form. This point is referred to as the minimum 
film fonning temperature. This technique indirectly provi~es information on the glass 
transition of the polymer sample. 
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5.6.2 Characterisation of the solid f"dms 
5.6.2.1 Differential scanning calorimetry (DSC) 
DSC is a popular technique for the determination of the glass transition 
temperature (24) and is commonly used to characterise polyurethanes. The principle 
of DSC is relatively simple and the experimental apparatus is shown in figure 5.9. The 
technique involves heating a reference and the sample independently of each other to 
maintain both at the programmed temperature. As the temperature is increased, the 
sample will go through a transition i.e. Tg or melting, and the temperature will increase 
or decrease depending on the nature of the transition. At this point, a temperature 
difference between the sample and reference will occur. However, the DSC apparatus 
automatically corrects this by adjusting the power input to the sample in order to 
maintain both reference and sample at the same temperature. Hence, the sample and 
the reference temperatures are measured continuously so that the power delivered to 
each via the heaters can be measured as a function of the departure from the 
programmed temperature. A plot of heat flow versus temperature is obtained. 
This technique is usually employed for Tg determination, but the value obtained 
will differ from that obtained from other techniques. It is also a useful tool in detection 
of crystallinity in the polymer samples. The greatest advantage of this technique 
compared to DMTA for example is sample preparation. Only IOmg of sample is 
usually required and the sample can be in any form. However, DMTA was used as the 
primary technique for Tg determinatioifin the studies outline herein. 
The DSC used in the study of the samples was a DuPont 910 combined with 
the DuPont 2000 Thermal Analysis System The samples, approximately 10mg, were 
examined from -100 to 150 C at a heating rate of20 C min- I . Identification of the 
Tg and the presence of crystallinity were noted. 
5.6.2.2 Modulated-temperature differential scanning calorimetry (M-TDSC) 
This is a relatively new technique (25) and was used to provide further 
information regarding transitions (26,27) in the samples. Also, due to the slow heating 
rate used, attempts were made to correlate thermograrns obtained with the DMTA 
data. M-TDSC differs from that of conventional DSC (11) in that a sinusoidally 
varying heating rate is applied to the sample. This allows the user to distinguish 
between the reversible and irreversible phenomena in the polymer samples. The high 
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sensitivity of M-TDSC facilitates the identification of transitions that DMT A and DSC 
cannot always highlight. 
Measurements were made using a TA Instruments M-TDSC. An oscillation 
amplitude of 0.8°C, an oscillation period of 60s and a heating rate of 3°C/min. were 
used. 
~sensors~ 
S R 
Individual heaters 
Figure 5.9 The sample and reference cells used in DSC analysis 
5.6.2.3 Gel Permeation Chromatography (GPC) 
GPC or size exclusion chromatography (28) is one of several techniques 
available for the determination of polymer molecular weight. However, GPC can also 
provide information on the molecular weight distribution or dispersity of a polymer 
sample. The technique employs a non-ionic gel stationary phase which does not swell 
in the carrier solvent. The gel has a range of pore sizes in order to separate molecules 
of differing molecular weights. The polymer sample is dissolved in the carrier solvent 
and then passed through the column. The larger molecules are excluded from the 
smaller pores and pass quickly through the column. This results in larger molecules 
being eluted from the column first. The smaller molecules are able to diffuse into the 
smaller pores and, hence, their residence time on the column is longer. By careful 
choice of the gel, an effective size separation can be achieved. The elution times are 
compared to a standard calibration series of known molecular weight. This is 
commonly polystyrene. 
The average molecular weights, Mo and Mw, and polydispersity were obtained 
for a selected number of samples in addition to the prepolymer. The GPC was carried 
out at the RAPRA Polymer Supply and Characterisation Unit and the samples 
prepared by adding 10ml of DMF to 20mg of the sample. The sample was gently 
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wanned and 1,2-dichlorobenzene added as an internal marker for flow rate correction 
pwposes. The solution was filtered through a 0.2 micron PTFE membrane. The 
sample solution was then passed through a 2 x PL gel mixed bed B at a flow rate of 
1.0 mllmin. The temperature was kept constant at 80°C during analysis and a 
refractive index detector was used. 
5.6.2.4 Dynamic Mechanical Thermal Analysis (DMTA) 
DMT A (29) was the principal tool in the determination of the glass transition 
temperature and the structure of the materials prepared. All the samples were 
examined using DMT A to provide further information to that gained from the DSC 
studies, which alone provided little information about the structure and phase 
separation in the samples. 
DMTA is the cyclic deformation (30) of a sample usually under forced 
vibration whiJst changing the temperature. Hence, infonnation can be obtained 
concerning the relaxation behaviour of the test material. A number of arrangements 
are possible under which the sample is subjected to a mode of vibration. The most 
popular are the bending and cantilever modes. In each of these a siousoidal stress of 
angular frequency (J) is imparted to the sample. When a sinusoidal stress is applied to a 
viscoelastic material such as a polymeric material, the resulting stress will also be 
sinusoidal, but will be out-of-phase when there is energy dissipation or damping in the 
polymer. Hence, information regarding the elastic modulus and damping 
characteristics can be obtained. 
There are three experimental approaches for measurmg the dynamical 
mechanical properties of a sample. These are free vibration, forced vibration-
resonance and forced vibration-non-resonance modes (30). 
Throughout the studies outlined here a version of the forced vibration-non-
resonance apparatus was employed. Figure 5.10 shows a schematic representation of 
the apparatus used. lbis, a Polymer Laboratories DMT A instrument, is widely used 
for the investigation of transitions in rigid polymers and rubbers. For these 
investigations the single cantilever clamping system was used. The various clamping 
systems possible are shown in figure 5.11. 
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Figure 5.10 Schematic diagram ofthe Polymer Laboratories DMTA head 
Figure 5.11 Details of the clamping arrangements available: (a) bending, (b) 
shear, (c) tensile 
The samples, in the form of small rectangular bars, were clamped firmly at one end and 
to the central driveshaft. The driveshaft was sinusoidally vibrated by an oscillator at a 
frequency of 10 Hz and with a strain amplitude of x4 in all the experiments. The 
clamped sample was cooled to the starting temperature using liquid nitrogen and then 
heated from -I SO or -100 C to I SO C at a heating rate of 3 C/min. Plots of E', E" and 
tano, the storage modulus, loss modulus and loss factor, respectively, against 
temperature were obtained. The Tg of the samples were determined from the E" 
peak(s). In a few isolated cases, experiments were carried out using the shear mode 
clamping arrangement as shown in figure 5.11. In this case, the sample was in the 
form of two circular discs clamped either side of a metal plate attached to the central 
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drivesbaft. This was found to suppress the onset of flow of the material which in the 
single cantilever mode had made high temperature transitions hard to distinguish. 
Using this clamping system, plots of G', G" and tano could be obtained over a 
temperature range of -100 to 250°C. 
5.6.2.5 Tbermogravimetric analysis (fGA) 
This technique (31) was used on a number of samples to compare the rate and 
temperature at which decomposition takes place. The technique involves the 
continuous measurement of the mass of the sample as the temperature is increased at a 
constant rate. Weight loss occurs in a number of stages until a temperature is reached 
at which the polymer becomes unstable and decomposes. The design of the TGA 
equipment is very intricate because these weight losses are very small. This technique 
has been used with such accuracy that the mode of decomposition and its relation to 
the counterion in anionomeric polyurethanes can be established (32). A TG 760 Series 
Rheometric Scientific instrument was used for the study of the materials. Samples of 
masses of 5 to 10mg were analysed from room temperature to 800°C at a heating rate 
of 10°C/min .. 
5.6.2.6 Tensile testing 
Tensile tests were the principal technique employed for the determination of the 
mechanical properties of the samples. Information regarding the strength, toughness 
and elasticity can all be determined from this technique. See figure 5.12. 
A Lloyds 2000R instrument equipped with a 500N load cell was used. In all 
the experiments, the samples were tested at a rate (cross-head speed) of 50mmlmin. at 
room temperature. For each sample 4 to 5 tests were carried out and the average 
values are quoted. The dumb-bell test specimens satisfied the ASTM 0-412 standard 
method, and the information investigated were the tensile strengths at fracture, 
elongations at break and in some cases Young's modulus. 
Figure 5.12 also highlights a number of tensile test responses that can be 
obtained, depending on the nature of the sample. The materials that give the stress-
strain curves (a) to (c) can be classified as (a) soft and weak, (b) hard and brittle and 
( c) soft and tough. All the samples tested gave responses similar to those represented 
by the stress-strain curves (a) and (c). 
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b Strain at Break 
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Figure 5.12 Stress-strain curves for samples of differing characteristics 
5.6.2.7 Fourier transform infra-red spectroscopy (FT -IR) 
An estimation of the degree of hydrogen bonding in the samples was obtained 
by combining a heated cell with the FT-IR spectrometer. It was also useful for 
following the standard reaction kinetics of the chain extender/isocyanate reaction in 
order to establish chain extender reactivity. 
IR spectroscopy (33) constitutes the detection of energy absorption by 
functional groups in the polymer chain at characteristic wavelengths. It has the 
.potential to provide information on chain conformations, stereochemical structure, 
crystallinity and orientation of the polymers. Beer-Lambert's law (34) allows an 
estimation of the concentration of the absorbing species, as concentration is related to 
the area under the peak. This is given by the equation below. 
A = log (10 /1) = E. c. I 
A is the absorbance, 10 and I are the intensities of the incident and transmitted 
radiation, respectively, c the concentration of the absorbing species, I the radiation path 
length and E the extinction coefficient. 
In the case of the kinetic study of the chain extenders, the NCO peak 
absorption at 2230 cm" could be monitored at time intervals along with the appearance 
of a corresponding urea peak at 1640 cm-' as the reaction proceeds. However, an 
internal standard is required for an estimation of the concentration of these groups to 
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correct for differences in sample thickness. For these studies, the CH2 and CH, peaks 
at approximately 2900 cm- l were used for this purpose. 
Using the heated cell to identifY peak movements in the polyurethane sample 
films with increasing temperature was possible. It was also possible to estimate the 
degree of hydrogen bonding in the samples by identification of bonding and non-
bonding NH and C=O groups. However, the absorption of the carboxylic species of 
the ionic moiety made the latter hard to distinguish. Hence, a spectral subtraction of 
the spectra at room temperature from that at 100°C (where hydrogen bonds are 
expected to dissociate) was used as an alternative method of deducing hydrogen 
bonding. 
The instrumentation consisted of the heated cell controller from Specac 20100 
Eurotherm and a Unicarn Ff-IR spectrometer. The samples were prepared by casting 
the dispersion or solution on to a glass plate using a 100 micron K-bar. Each was left 
to dry for 48 hours and then the film was lifted from the plate using a razor blade. The 
film was placed between two NaCI discs for analysis. The important peaks examined 
in these studies are outlined in the table 5.27. 
Table 5.27 The frequencies of groups studied 
,,"'equency (cm") (;roup Assignmcnt R~n"1I"k . 
3400-3500 NH free NH stretching weak 
~ .................................................... + ............................................................................................................................... ~ 
i 3300-3400 i NH bonded NH stretching strong i 
l········································· ............ l································· .............................................................................................. ~ 
2930, 2890 i CH2, CH, stretching strong i 
~ .................................................... + .................................................................................................. ········ .. ···················1 
! ..................... z..z..~.~ .................... .L ........ ~.~.? .............................. ~~~~.~~.~ ......................... ~~.~.~~ ... .J 
i 1720 i C=O free C=Q stretching strong i 
~ .................................................... + ............................................................................................................................... 1 
i 1700 i c=o bonded C=O stretching strong i 
l·····················································j ..................................................................................•............................................ 1 
i 1640 i C=O urea stretching strong. 
~ ..... _ ..... _ ........... _ ............................. l. .............................................................................................................................. 1 
5.6.2.8 Wide angle X-ray Diffraction (W AXO) 
Polymers that have some crystalline character often exhibit better mechanical 
properties than their amorphous analogues. The extent of the crystallinity can also 
greatly influence the behaviour of the polymer, i.e. LOPE compared to HOPE. An 
effective tool for the identification of ctystalline domains and ordering in polymers is 
X-ray diffi-action (28). The crystalline regions in the polymer sample dilfract X-rays on 
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exposure. The angle of diffraction, 9, can be used to calculate the distance between 
the parallel planes in the crystallites by using the Bragg equation. 
nA. = 2 . d. sin9 
A. is the wavelength of the radiation, d is the distance between the parallel planes in the 
crystallites and n is an integer. The reflected waves from the crystaI1ites produce 
diffraction rings, or haloes which can be sharply defined for highly crystalline materials. 
In the present study, W AXD was used to ascertain the presence of crystalline hard or 
soft domains. This technique was used in conjunction with DSC. For this a Shimadzu 
model XD-5 diffractometer was used and operated at 30 kV and 20 mA The angular 
range of the X-rays used in the study was 5° to 40° at a scan rate of 4°/min. Nickel 
filtered copper ka radiation (A.=1.542 urn) was used and the sample was in the form of 
a cast film 
5.6.2.9 Swelling studies 
Swelling studies were used in this instance to ascertain the resistance of the 
samples to swelling in a number of test solvents (35). This study was used in 
conjunction with the solvent spot tests, (see section. 5.6.2.10), to determine the 
resistance of the solid films to solvent attack. The technique was very simple. Pre-
weighed sample films were immersed in each of the test solvents for 24 hours at room 
temperature. The solvent was then drained off and any residue was removed from the 
film surface. The films were re-weighed and the percentage swelling calculated. 
% swelling = [(W - Wo) I Wo] x 100% 
Wo and Ware the weights of the dry film and the film at equilibrium swelling, 
respectively. The test solvents used in this study were 2-butanone, 2-propanol, 
dimethylformamide, water and xylene. Films that dissolved in the solvent were given a 
grade ofD. 
5.6.2.10 Solvent spot testing 
The solvent resistance of the films was determined (35) by exposing the film to 
a liquid droplet (approximately lcm in diameter) for one hour. The remaining solvent 
was then removed and the film re-examined for deterioration. A grading system of 0-
10 was employed, where 0 indicates total dissolution of the film and 10 represents total 
solvent resistance. The test liquids used were acetone, toluene, tetrahydrofuran, 
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methanol, dichloromethane, water and isopropanol. This was used in conjunction with 
the swelling studies. 
5.6.2.11 Contact angle measurement 
The hydrophi1icity of the film surfaces were estimated from the measurement of 
the contact angle of water formed at a three phase interphase using the sessile drop 
method. A Kruss 040 goniometer was employed for all the measurements at 25°C. 
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6.0 A comparison of similar water-borne and solvent-borne compositions 
In the past, conventional polyurethane coatings contained sigoificant amounts 
of organic solvent and free isocyanate (I). Increasing concern over environmental 
pollution and health and safety risks (2) led to the development of water-borne PU 
formulations. In contrast to solvent-borne coatings, where the PU formed a solution in 
a solvent, the water-borne PUs exist as aqueous dispersions. In general, solvent-borne 
polyurethanes are used as two-pack systems ie. in the presence of a crosslinking agent 
and not on their own. However, water-borne polyurethane dispersions, if properly 
designed, can be used on their own in various coating applications. Aqueous PU 
dispersions are binary colloidal systems in which the PU particles are dispersed in a 
continuous water medium (3). In order to render the PU dispersible in water (4), they 
are designed with ionic groups in their structure. This has led to the development of 
PU ionomers (5-7), where the PU possesses pendant acid groups (anionomer) or 
tertiary amine groups (cationomer) incorporated into their backbones. These groups 
are neutralised to form internal salts prior to dispersion. The advantages and 
disadvantages of the relatively new class of polymer are well documented (8,9). 
The presence of the ionic species in the PU has a considerable effect on the 
physical properties (10), and it is reasonable to suppose that the interaction between 
the ions and their counterions are responsible for these effects (11-13). 
The physical properties of water-borne PUs, as for solvent-borne ones, are 
determined by the size and cohesion of each segregated domain, and the degree of 
rnicrophase separation, in addition to the ionic content. Factors influencing the 
rnicrophase separation in PUs and the ordering of the hard and soft domains (14) 
include the segment length, the ability of either phase to crystallise, hydrogen bond 
density, overall composition and molecular weight. 
This chapter addresses the differences in the properties of similar water-borne 
and solvent-borne compositions, and the effect of chain extension on the structure-
property relationships of each. The effect of incorporating ionic groups into the PU is 
also investigated. The specifications for this series of PU s can be found in table 5.8 in 
section 5.5. I. 
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6.1 Comparison of water-borne and solvent-borne compositions 
For this study, water-borne and solvent-borne samples were compared with 
respect to their mechanical properties and solvent resistance. For all the samples listed 
in table 5.7, the prepolymer molecular weight, and, hence, viscosity, was minimised by 
adopting a NCOIOH ratio of2. Lowering the viscosity of the prepolymer in this way 
made dispersion or solubilisation significantly easier. The results obtained from the 
characterisation of these two samples are shown in table 6. 1. 
Table 6.1 Characterisation of a water-borne and a solvent-borne sample of 
similar composition 
.. -,.-_9"""'_'- -----""'.-,...--- ~ "1--~.,.,.,...-"",~_ • - ~ b-'-' ti&';,;!",Spel?ificl!.t'-o~";",,. ";~.i",A.Q la. "",'.", SO Lt ::',w 
Latex viscosity @ 25°C 0.38 0.22 
I Pa.s 
DMTA 
T fOC S" -52 -41 
Tgh 1°C 78 35 
Tensile strength lMPa 50.0 8.9 
Initial modulus lMPa 22.4 9.0 
Elongation at break 1% 314 91 
Overall solvent spot' 33 14 
Swelling (%) 
2-Butanone 133 dissolved 
2-Propanol 231 dissolved 
Water 56 25 
Dimethylformamide dissolved dissolved 
Xylene 84 182 
a Aqueous dispersion at 98% chain extension 
b PU solution in THF at 120"10 chain extension 
c Overall solvent spot test results are the total score out of a maximum of 70 for the film in 
various solvents 
The solvent-borne sample, SOLI, was prepared at 120% chain extension and 
the water-borne sample, AQI at 98% chain extension. The chain extensiou process 
relies on the reaction of the terminal isocyanate end groups in the prepolymer with the 
NH2 groups of the diamine so that a high molecular weight is achieved. Therefore, for 
complete reaction and, hence, 100% chain extension to take place, a mole equivalent 
of the diamine is required. Hence, the percentage here refers to the degree of chain 
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extension that takes place when the diamine is added In this case, AQ 1 has the 
greater molecular weight. Lower molecular weights will be achieved by adding more 
chain extender than is required for 100% chain extension as in the case for SOL 1. 
Here chain termination as well as chain extension takes place. 
The solution viscosity for SOLI was very similar to that of AQI even though 
their molecular weights will significantly differ. Increasing the molecular weight of 
SOLI resulted in a gel-type structure being formed. In the solvent-bome sample, the 
polyurethane actually dissolves in the solvent making the solution viscosity dependent 
upon the molecular weight at a fixed solids content. However, in water, the 
polyurethane is insoluble and in the form of a dispersion of discrete particles. It is 
possible to form high molecular weight dispersions at relatively high solids content 
because the dispersion viscosity is independent of molecular weight. Hence, SOLI 
consists of lower molecular weight polyurethane chains in solution. The solution 
viscosity sets a practical limit to the level of chain extension that could be achieved for 
solvent-borne samples. 
Each film was investigated by DMT A to determine the glass transition of the 
hard, T gh, and soft, T!l'" domains. Using this technique, the degree of separation of the 
hard and soft domains within the PU structure was estimated. The DMT A traces for 
both samples are shown in figure 6.1. The low temperature transition at -121°C is the 
result of the motion of small internal sections of the polymer chain, while the rest of 
the chain remains frozen. This is common for polyethers (15) containing at least four 
successive unsubstituted CH2 groups which undergo rotation in a crankshaft-type 
manner. However, the temperature and intensity of this peak was found to be 
independent of the structure of the rest of the PU and little information on phase 
separation was obtained. Extensive studies (15-17) of this transition have been carried 
out by several workers. 
By examining the position of the transitions representing the soft and hard 
domains, an estimation of the degree of phase separation can be made. These 
transitions are clearly shown for both samples in figure 6.1. These results suggest that 
more phase separation exists between the hard and soft domains in AQI (98%) than in 
SOLI (120%). The soft phase transition is a sensitive indication (18) of order within a 
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PU. The closer the temperature at which this transition appears to that of the pure 
polyether T. (PTHF -84°C) is indicative of the degree of hard-soft segment mixing. 
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The differing structure of these two samples is the consequence of the increased 
number of hard segment interactions resulting from the higher level of chain extension 
(higher molecular weight) and from urea group formation. This favours the 
development of well-defined hard and soft domains in the water-borne sample. 
Knutson et a!. (19) proposed that the morphology of a PU may be characterised by 
segments of polyether dispersed within the hard domains and / or by polyurethaneurea 
segments dispersed in the polyether matrix. They also describe another alternative 
involving relatively pure polyurethaneurea and polyether domains separated by a rather 
broad interfacial zone. Shown in figure 6.2 are the corresponding DMTA data 
obtained using the shear mode clamping system Comparing the two spectra for the 
samples AQl and SOLI, there appears to be a clear indication that there is a significant 
difference in the degree of component segregation in the two samples. For SOLI, 
there is one main peak shown for the loss modulus G" with the soft segment Tg 
present as a minor transition. Similarly, there are two transitions highlighted in the G" 
versus temperature plot for AQl. Comparing the high temperature peak in both AQI 
(96°C) and SOLI (68°C), there appears to be a shift to higher temperature as the level 
of chain extender was changed. This suggests increased ordering in tbe hard domains 
for AQI. Hence, it is reasonable to say that these differences are the consequence of 
significant differences in hydrogen bonding within the samples. From an examination 
of the mechanical properties and solvent resistance of the sample films, also shown in 
table 6.1, it is clear that significant differences occur as a result of their differing 
structure and molecular weight. The mechanical properties exhibited by each sample 
highlight the effect of hard and soft phase separation on the tensile strength, initial 
modulus and elongation at break. AQ I showed signs of stress whitening at high strain 
levels, a characteristic of PTHF-derived samples (20) where reversible stress-induced 
crystallisation is possible. This phenomenon was not observed for SOLI as a result of 
its significantly lower level of chain extension (120%) and less phase-separated 
structure. 
Similar results were obtained from the study of the solvent resistance and 
swelling of the films. AQl (98%) was far more resistant to solvent attack than the 
solvent cast film This, again, may be attributed to differences in molecular weight, 
resulting from differing levels of chain extension and also the phase structures of the 
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two samples. Increasing molecular weight results in increasing levels of chain 
entanglement which enhance the strength of the film. The two fi1ms also exhibited 
differing swelling behaviour in the solvents as outlined in table 6.1. 
Table 6.2 Characterisation of a water-borne and solvent-borne sample of 
similar composition and molecular weight 
r - ~ =-~~ ~ - ...... -..,...~- , ~ - -- - .... 1 ~ . Specification :\Q2' SOLI ' , ' 
" 120%" I ~ . " " . ,,: .120%' i . , 
Latex viscosity@ 25°C 0.29 0.22 
I Pa.s 
DMTA 
T 1°C &" -39 -41 
Tgb 1°C 29 35 
Tensile strength lMPa 11.9 8.9 
Initial modulus lMPa 7.8 9.0 
Elongation at break 1% 169 91 
Overall solvent spot 14 14 
Swelling in (%) 
2-Butanone dissolved dissolved 
2-Propanol dissolved dissolved 
Water 24 25 
Dimethylformamide dissolved dissolved 
Xylene 199 182 
• 120% chain extension based on moles of NCO groups in prepolymer 
The solvents used in this investigation are known to dissolve preferentially in 
the soft segments of the polyurethane, but are retarded (21) by the hard segments. 
Hence, the more mixed are the hard and soft segments the less swelling will be 
experienced. Hence, swelling will increase if the phase separation is increased. The 
results in table 6.1 suggest that SOLI is more phase separated than AQ I. This was 
clearly not the case from the DMT A results, which showed that AQ I is highly phase 
separated compared to SOL I. Swelling may also have been retarded by crystallinity of 
the soft segments in AQ I. However, this was discovered not to be the case from a 
study of the crystallinity of all these samples using DSC and WAXD. Hence, the 
differences observed for the swelling behaviour of AQI and SOLI must be a 
consequence of the differences in hydrogen bonding and ionic interactions involving 
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the carboxylate groups. Also, the higher molecular weight of AQ I results in increased 
chain entanglement. These entanglements restrict the motion of the polymer chains by 
acting as physical crosslinks. However, for SOL I, fewer of these entanglement 
crosslinks exist, and, hence, the SOL I film is more easily swoUen and the results in 
table 6.1 indicate that in some instances complete dissolution of the film occurs. 
The results from the characterisation study of two samples chain extended to 
120% are outlined in !able 6.2. Examination of the mechanical properties of each 
indicate that there is now relatively little difference in their properties. The solvent 
spot tests also show a similar trend and there was very little difference in their sweUing 
behaviour. The DMTA traces for each sample are shown in figure 6.3. This technique 
confirmed that when the samples are chain extended to the same level the phase 
separation in each was almost identical. 
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6.2 The effect of increasing chain extension on sample properties 
It seems, from the resuhs accumulated, that the degree of chaio extension has a 
significant effect upon the properties exhibited by the sample, whether it be water· 
borne or solvent-borne. 
From table 6.3, it can be seen that the 'over-extended' water-borne sample 
AQ2 has a considerably larger colloidal particle size,. From the fact that the 
prepolymer synthesis is a step growth type mechanism, it is ioevitable that the polymer 
chains will be polydisperse io terms of molecular weight. As a consequence, the 
distribution of DMPA will vary from polymer chain to polymer chaio. In the case of 
AQI (98%), it is likely that all the chaios will contaio at least one DMPA moiety due 
to its higher molecular weight, whereas in AQ2 (120%), a fair number of chains may 
be devoid ofDMPA, and, thus, less surface is generated resulting in the larger particle 
diameter (22). 
Table 6.3 Study of the effect of the level of chain extension on sample 
properties of water-borne and solvent-borne compositions 
V' "''7'''' ........,..,. '""'~ ....,.-- <Y~ -", ..., ..,. 
>l". SIJccilicatioll 
__ ....... ~ ~ )'V,., ""'1""""-"""" .. ~ -_"", •• ~ -,-- - -~ 
AQI ' t •• AQ2 SOU· SOU, 
"- . , . " ~ 
-
98% 
Overall solvent spot 33 
Tensile strength lMPa 50.0 (13.0)' 
Initial modulus lMPa 22.4 
Elongation 1% 314 
(464)b 
DMTA Tg/oC -52 
Particle size lrun 57 
• tensile strengths from tests carried out at 80°C 
b elongation from tests carried out at 80°C 
. . ~... ~ : 
120010 1200/0 " 150% . 
14 14 14 
11.9 8.9 6.3 
(0.2)' 
7.8 9.0 7.5 
169 91 63 
(761)b 
-39 ·41 -36 
81 N/A N/A 
( 
, 
There is also a dramatic deterioration m the mechanical properties when 
comparing AQI with AQ2. GPC studies were unable to provide absolute values for 
the molecular weights of these samples. However, the trends expected from the theory 
of the chain extension process were evident. The results, shown in table 6.4, from the 
GPC analysis, confirm that AQ I has a higher molecular weight than AQ2. Hence, the 
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results suggest that small differences in the molecular weight contnoute as well as ionic 
and hydrogen bonding to the significant differences in the properties exhibited by the 
samples. 
Table 6.4 The average molecular weights for samples AQl and AQ2 
determined by GPC 
rsamiliC'~'--o/;;'Citiijn e .rtender~l~~· ~ ~J ,.;: -, 
AQl 98 5600 366000 
AQ2 120 4100 24200 
Table 6.3 includes the mechanical properties of the two waterbome samples, AQI and 
AQ2, carried out at 80°C. Comparing the tensile strength results with those at room 
temperature, a significant drop was observed for both samples. This decrease is 
attributable to the breakage of hydrogen bonds in the samples. However, the 98% 
chain extended sample, AQI, still had a much greater tensile strength than that of 
AQ2. lbis suggests that tensile strength is not solely a result of differing hydrogen 
bond contents and ionic interactions, but that molecular weight differences play an 
important role in the development of the mechanical properties and structure of the 
samples. It is unlikely that the ionic interactions also dissociate at 80°C and they 
continue to contribute to the tensile strength. Hence, for AQ2, it appears that very few 
of these ionic interactions occur and its mechanical properties are primarily governed 
by hydrogen bonding and molecular weight. The elongation was seen to increase with 
temperature for both water-borne: samples .. AQ2 exhibited a greater elongation than 
AQ 1 which is consistent with the latter having a higher number of ionic interactions as 
already suggested from their respective tensile strengths. These ionic interactions 
restrict the extensibility of the PU. 
It also appears that as the chain extension level is increased beyond a I: 1 
NCOINH2 ratio the extent of phase separation decreases. Figure 6.4 shows clearly the 
increase in the degree of mixing of the hard and soft phases as the chain extension is 
increased from AQI to AQ2. The same was observed for the solvent-borne systems 
on comparing SOLI and SOL2 of chain extension 120% and 150%, respectively. 
DMT A experiments run in the shear mode compliment the above phenomenon 
observed with different chain extension levels. The traces are shown in figure 6.5. 
The high temperature transition is shifted to a higher temperature in AQ 1 (96°C) 
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compared to that observed for AQ2 (45°C). This transition is characteristic of the 
dissociation of hydrogen bonding in the hard domains, and this highlights the greater 
domain segregation in AQ I. 
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Transitions appearing above 100°C are commonJy associated with ionic dissociation or 
rearrangement (23). Such ionic transitions have been previously observed by DMTA 
(24) and dielectric measurements (25). 
6.3 The effect of DMPA incorporation into the solvent-borne PU backbone 
The composition of these samples are outlined in table 5.7. SOLI contained 
the carboxylic species which were neutralised with TEA. However, SOU had no 
DMP A incorporated into its backbone. The results from the characterisation of these 
two samples are shown in table 6.5. 
Table 6.S The effect on properties of incorporating ionic groups into 
the polyurethane backbone 
~;iS~ifita·iion"i>1.1~soEr ;.:r .. ·SOW·'i~j 
• _~__ _ __ '-~ ~ -.>- ~~ ~ ~ .<~_~A... 
Latex viscosity @ 25°C 0.22 0.51 
I Pa.s 
DMTAa 
T laC 8' -41 -45 
TsI> laC 35 56 
Tensile strength lMPa 8.9 3.8 
Initial modulus lMPa 9.0 9.3 
Elongation at break 1% 91 196 
Overall solvent spot 14 \3 
Swelling in (%) 
2-Butanone dissolved dissolved 
2-Propanol dissolved dissolved 
Water 25 20 
Dimethylformamide dissolved dissolved 
Xylene 182 211 
aT .. and T .. correspond to the glass transition temperatures of the soft and hard domains 
respectively 
The presence of ionic groups incorporated into the hard segments of SOLI had a 
significant effect on its tensile strength compared to SOL3. The incorporation of the 
carboxylate ions in SOLI also results in a higher degree of hard and soft component 
mixing indicating the increased chain rigidity with DMPA incorporation. These results 
are consistent with other studies in the literature (26). The DMTA traces shown in 
figure 6.6 highlight the higher degree of component segregation in SOU. The 
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carboxylate ions readily participate in hydrogen bonding and the resultant lon-
hydrogen bonds appear to be stronger than the hydrogen bonds between -NH and 
C=O. This clearly results in an improvement in the mechanical properties of SOL I. In 
fact, these ion-hydrogen bonds are approximately 1.3 times (27) stronger than ordinary 
hydrogen bonds. 
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Figure 6.6 Loss modulus versus temperature plots for SOLI (X) and SOU (+) 
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Generally, increasing levels of the ionic species favour a phase mixed 
morphology. At low levels, the effect of the ionic groups is small, but in this case the 
ionic moiety is present at a sufficient level to bring about a shift in the soft segment Tg. 
SOL3 possesses a more phase separated structure than SOLI. However, it is the ionic 
interactions and the increasing number of coulombic forces arising from DMPA 
incorporation that is the dominating factor with respect to the mechanical properties, 
and not the degree of phase separation. This is clearly seen from a comparison of the 
tensile properties of the two samples. 
From an examination of the infra-red spectra of the samples, figure 6.7, it is 
noticeable that the C-O-C band of the soft segment at approximately II IOcm·' is at a 
lower wavenumber for SOL) than for SOLI. This phenomenon has been descnoed in 
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work by Chen (27). He states that for an un-ionised film, the -NH groups can form 
hydrogen bonds with C=O of the hard segments and also with C-O-C groups of the 
soft segmems. After ionisation, some of the -NH groups previously bonded to the C-
O-C groups shift to bond with the C=O groups of the hard segments. Hence, the 
number of hydrogen bonds between soft and hard segments diminish and this results in 
the C-O-C band shifting to a higher wavenumber. So, from this, one would expect 
significant hard - hard phase interactions in SOL I. The tensile strengths of the two 
samples shown in table 6.5 certainly reflects this. 
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Figure 6.7 Infra-red spectra for SOLI and 80L3 
Typically in PUs, the polyol mainly governs the elastic properties and the 
mechanical strength is dependent on the hard domains. Therefore, the increase in 
interchain interactions caused by the ionic nature of DMPA contributes to SOLI 
exhibiting greater strength. Hence, though SOL3 possesses a greater degree of 
domain separation it is the lower number of interchain interactions that contributes to 
its poorer mechanical properties. 
TGA traces of SOLI and 3 are shown in figure 6.8. There appears to be a 
clear difference in the thermal stability of the two samples. SOL3 has a significantly 
greater thermal stability than SOLI, especially in the initial stages of decomposition. 
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This is pemaps the consequence of their differing morphologies. It would appear that 
the incorporation of the DMPA moiety induces component mixing, as highlighted from 
the DMTA study, and this results in the poorer thermal stability for SOL I. The inital 
stage of the TGA trace is concerned with the decomposition of the hard segments (28). 
Evidently, the higher degree of mixing in the hard domains of SOLI results in its 
poorer thermal stability. 
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Figure 6.8 TGA traces of SOLI and SOL3 with and without DMPA, 
respectively 
6.4 Detection of crystallinity 
700 
Evidence for crystallinity of all the samples used in this study was investigated 
using DSC and W AXD. It was concluded that no significant crystallinity existed in 
any of the samples, and, hence, no account of crystallinity was required in order to 
explain the structure and property differences. A single dilfuse peak, as shown in 
figure 6.9, was obtained for all samples from WAXD, which is as expected for 
amorphous materials. DSC, similarly, indicted all the samples to be amorphous. The 
findings from these investigations suggest that the soft segment is of insufficient length 
to crystallise and because of the unsymmetrical nature of the diisocyanate it is unlikely 
to form hard segment crystallites. 
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Figure 6.9 A typical plot obtained for AQl from wide angle X-ray diffraction. 
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7.0 A study ofthe chain extension process 
There are a number of approaches which have been reviewed (1-3) for the 
preparation of PU dispersions including the acetone process, the hot meh process, the 
prepolymer mixing process and the ketimine process. The most common is the 
prepolymer mixing process, which was used in the preparation of all the samples 
studied here. A common feature of all of these processes is that the first step is a 
conventional PU synthesis to obtain a low molecular weight isocyanate terminated 
prepolymer. The prepolymer is then chain extended either before or after dispersion in 
water. 
The chain extension process is more important than its mass fraction suggests 
as it effectively doubles the length of the hard segment (4). The choice of the chain 
extender and the diisocyanate determines the characteristics of the hard segment and to 
a large extent the physical properties of the resultant PU. Short chain glycols and 
diamines are commonly used (5). When aliphatic diols are employed as chain 
extenders, the physical properties show (6) an alternating dependence upon the number 
of methylene carbons in the chain. A similar pattern of behaviour has also been 
observed (7) for diamine-extended PUs, as a resuh of differences in packing bringing 
about changes in the hydrogen bond capabilities (6). Diamines are generally preferred 
to glycols for chain extension of aliphatic diisocyanate-based systems (7). Their high 
reactivity towards the NCO groups of the prepolymer compared to water makes them 
ideal chain extenders. 
It has already been highlighted (8) in the preceeding chapter that the level of 
chain extension, in both water-borne dispersions and in solvent·borne solutions, plays 
an important role in the morphological development, which significantly influences the 
physical properties of the samples. Therefore, this chapter describes the structure· 
property relationships of PU ionomers extended with hydrazine monohydrate, 
carbodihydrazide and adipic dihydrazide at varying levels. The aim of this study is to 
identifY the relationship between the level of chain extension and the morphological 
development in the samples, and to examine the effect of the structure and molecular 
weight of the chain extender on the physical properties of the samples. The samples 
studied in this chapter are described in section 5.5.2. 
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7.1 A study of hydrazine monohydrate chain extended samples 
The resuhs from the characterisation of the colloidal and solid film properties 
of the series of hydrazine monohydrate-extended samples (HYD98-HYD130) are 
shown in table 7.1. 
Table 7.1 Conoidal and solid state properties of hydrazine monohydrate-
extended samples 
r--: ~. -~.~,'?~- --.- . ~-:rIJ\;D98 ·Tiij'OlI0 . ·IIYlfi 20 :-'I\'DI30 : 
Particle size lom 41 46 52 59 
Latex viscosity @ 25°C 0.35 0.28 0.22 0.14 
/Pa.s 
MFT 1°C <I <I <I <I 
Tensile strength lMPa 44 14 II 5 
Elongation at break 1% 424 201 173 127 
T .. /oC -39 -37 -35 -33 
T""/oC 64 38 30 31 
Solvent spot 33 24 14 9 
Swelling (%) 
2-Butanone 133 408 0 0 
2-Propanol 231 0 0 0 
Water 36 116 24 53 
Xylene 84 152 218 174 
They indicate that the particle size increases as the level of chain extender was 
increased beyond 100%. Table 7.2 highlights the .fact that increasing chain extension 
beyond a 1:1 ratio ofNH2 to NCO groups as in the case ofHYDlIO-130 results in 
decreasing molecular weight. The results in table 7.2 were obtained by GPC and 
though these values are not absolute the expected trends were observed. This can 
simply be explained in terms of the chain extension process. If a mol equivalent of 
diamine is added to the NCO-terminated prepolymer complete (100%) chain extension 
is achieved. However, adding excess diamine results in competition between chain 
extension and chain termination, and, consequently, the molecular weight decreases. 
This is highlighted in the case of samples HYDIIO-130, where a very significant 
decrease in molecular weight is observed. From the fact that the prepolymer synthesis 
is a step-growth type mechanism, it is inevitable that the polymer chains will be 
polydisperse in terms of molecular weight. This is clearly the case from the large 
differences between the Mn and Mw values for all the samples. As a consequence, it is 
likely that the distribution of the DMP A will vary from polymer chain to polymer 
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chain. Hence, in the case of HYD98, it is likely that all the chains will contain at 
least one DMP A moiety due to its higher molecular weight compared to the other 
samples. Hence, it is reasonable to expect that with decreasing molecular weight on 
going from HYD98-130, a fair number of chains will be devoid of DMP A, and, thus, 
less surface is generated resulting in the larger particle diameter (9). Figure 7.1 
highlights the trends observed for particle size and viscosity with increasing level of 
chain extension. A linear relationship between both particle size and viscosity with 
chain extension was apparent. The particle size increased as a result of decreasing 
molecular weight and its relationship to DMPA distribution as already explained. 
The viscosity decreased with increasing chain extender and particle size. 
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Dispersion viscosity is influenced by the average particle size, particle size 
distnlJUtion, inter-particle interactions and the swellability of the particles (10). 
Einstein (11) discovered that when colloidal particles were dispersed in a liquid, the 
flow of the liquid was disturbed and this resulted in an increase in viscosity compared 
to the pure liquid. An equation which descnoes this phenomenon for non-interacting, 
rigid, spherical particles dispersed in a liquid medium was introduced. This is shown in 
equation 1. 
k is a constant equal to 2.5, q, is the volume fraction of the dispersed phase and Tt and 
Tto are the viscosity of the dispersion and the pure liquid, respectively. Therefore, the 
viscosity of the dispersion depends on the effective volume of the dispersed phase. 
However, Einstein's equation is only applicable at moderate concentrations where 
particle interactions are negligible. This led to the extension (12) of equation I in the 
form shown in equation 2 to allow for higher concentrations. 
Tt = Tto (I + kq, + kq,2 + ....... ) (2) 
Few studies (12) have been employed to examine fully the relationship between 
particle size and viscosity. However, a dispersion of smaller particles tends to possess 
a higher viscosity than a dispersion where the particle size is large (13) if the solids 
content is the same. Lee et al. (14) discovered that the introduction of increasing 
levels of an ionic chain extender resulted in increasing hydrophilicity of the particles 
and a smaller average particle size. However, this was offset by an increasing tendency 
of the particles to swell in the aqueous medium. They report this swelling behaviour 
with increasing hydrophilicity as being largely responsible for the increase in viscosity, 
and that this was driven by the electroviscous effect (15) of the charged particles. 
Similarly, the hydrophilicity of the particle decreases from HYD98-130 as the 
molecular weight decreases. This is a consequence of less DMP A per particle and the 
smaller hard segment lengths with decreasing molecular weight. Therefore, ingress of 
water into the particles becomes less and the level of swelling is lower in HYD 130 than 
in HYD98. Hence, as the particle size decreases the number of particles in the 
dispersed phase increases. These swell by ingress of water and the effective volume of 
the dispersed phase increases resulting in an increase in viscosity. The rate of 
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swelling has been shown (16) to increase as the particle size decreases, due to a higher 
total surface area of the particles. Therefore, a relationship between particle size and 
viscosity can be determined in terms of hydrophilicity and swellability of the particles 
and the increase in effective volume of the dispersed phase. 
Having carried out GPC on the HYD98-130 series, and having established 
molecular weight values, it is less ambiguous to refer to these as having decreasing 
molecular weights rather than increasing levels of chain extension. 
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Figure 7.2 The effect of molecular weight on the solid state properties of the 
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Table 7.1 and figure 7.2 snmmarise the mechanical properties observed with 
decreasing molecular weight. Significant differences in the tensile strength, elongation 
at break and solvent resistance were evident. With increasing level of chain extension 
beyond 100%, and, hence, decreasing the molecular weight, both the tensile strength 
and elongation at break decreased. This decrease was large on comparing HYD98 
with HYDllO. A study of these samples by DMTA provided evidence for their 
differing phase morphologies. Two well-defined transitions were observed for all the 
samples highlighting their two-phase morphology. However, the position of these 
transitions differed from sample to sample. The low temperature transition (T &') 
observed in the -30 to -40°C range was a consequence of segmental motion within the 
soft polyol domains (17). The nature and size of these determines the low temperature 
characteristics of the PU. The high temperature transition (T gh) was assigned (17) to 
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the hard segments. From table 7.1, and the DMTA traces in figure 7.3, T", increases 
linearly with decreasing molecular weight. TIlis transition can be used to identifY 
differences in hard and soft mixing. The T~ of the pure polyol (PTHFIOOO) is -84°C. 
Hence, as the low temperature transition approaches this value an increasingly phase 
separated structure exists in the PU. The values observed in all the samples studied 
suggest that there is a significant degree of mixing of the hard and soft domains. 
However, on closer examination of the values obtained for these samples it would 
seem that this mixing increases with decreasing molecular weight. Also, there are 
significant differences in the position of the high temperature transition. If this is a 
result of segmental motion in the disordered hard domains (18), it appears that the 
hard segments in HYD98 possess a greater degree of order than for the other samples. 
The temperature at which this transition appears depends upon a number of 
contributory factors. The hard segments act as reinforcing fillers, dispersed in a 
continuous soft segment matrix, forming a physically crosslinked network via extensive 
hydrogen bonding (19). High hard segment ordering results from hydrogen bonding 
between urethane and urea groups on adjacent chains. Alternatively, hydrogen 
bonding between the urethane NH groups and the ether group usually results in a 
lower degree of order and decreasing cohesion (20). 
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This will be contnlmtory to the poorer mechanical properties exlnoited with increasing 
component mixing. Ionic association (21) would also contnllUte to differences in 
phase morphology. However, at a constant level ofDMPA, it perhaps is un1ikely that 
this will be significant. These preliminary studies suggest that molecu1ar weight plays a 
significant role in morphology development. The hard segment transition was seen the 
move to lower temperature with decreasing molecular weight which is indicative of 
increasing disorder of the hard phase. 
Considering these differences in structure and morphology, the trend observed 
from the solvent spot tests and swelling studies can be explained. A linear relationship 
was found to exist between molecular weight and solvent resistance. The susceptibilty 
of the films was also significantly higher for the samples oflower molecular weight and 
dissolution of the film occurred in some instances. See table 7.1. 
Decreasing molecular weight and increasingly mixed phase morphologies have 
been highlighted from this study as a result of differing levels of chain extension. It is 
also important, however, to consider the role of hydrogen bonding and ionic 
association and their relation to molecular weight. This was examined by infra-red 
spectroscopy, shear mode DMT A and tensile testing at 80°C. 
The results from the tensile tests carried out in an environmental cabinet at 
80°C are shown in table 7.3. Considering the results from tests at room temperature, 
table 7. 1, a significant decrease in tensile strength was observed for each sample. 
However, the trend remains the same as that observed at room temperature with 
HYD98 possessing the highest tensile strength. This decrease on heating is a 
consequence of increasing flexibility of the samples. Hydrogen bonds breakdown and 
increasing disorder of the hard domains results. Hence, segregation between the hard 
and soft domains decreases with increasing temperature (22). It seems un1ikely, 
however, that all hydrogen bonds will dissociate at 80°C and especially the ion-
hydrogen bonds which are approximately 1.3 times (17) stronger than ordinary 
hydrogen bonds. However, considering the two sets of values in tables 7.1 and 7.3, it 
is possible to estimate the contribution hydrogen bonding makes to the observed 
morphologies and resulting properties of the samples. 
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Table 7.3 Mechanical properties of the HYD series at 80°C 
HYD120 
HYD130 
sample tested at 700 e 
b sample tested at 600 e 
C sample tested at 500 e 
0.2 
6-
0.1-
0.2b 
0.7c 
98 760 
680-
98- 1010-
580b 
260c 
• obtained from comparing the tensile strength of the sample at room temperature and 800 e 
340 
692-
f obtained from comparing the elongation at break of the sample at room temperature and 800 e 
The thermallability of the hydrogen bond is well known and studies have been 
undertaken in order to establish the extent of hydrogen bonding in polyurethanes 
(23,24). Hydrogen bonding readily occurs through the -NH donor group in the hard 
segments. However, the hydrogen bond acceptor may be either the carbonyl of the 
urethane linkage or the ether oxygen of the soft segment. Considering the tensile test 
results outlined in table 7.3, it is impossible to de-convolute the contribution of 
hydrogen bonding and molecular weight to the observed tensile strengths. A 
consideration of ionic association must also be included in any explanation of the 
different tensile strengths ofHYD98-130. 
However, if one considers that phase separation is inversely proportional to 
molecular weight which has already been highlighted from the DMT A study, the 
results from table 7.3 can be interpreted in terms of the number of hard-soft segment 
interactions. Dissociation of hydrogen bonds between the hard and soft component on 
adjacent chains readily takes place at 70 to 80°C while inter-urethane hydrogen bonds 
have been observed to remain intact up to temperatures as high as 200°C (25). 
Therefore, comparing the data in tables 7.1 and 7.3, the differences may be interpreted 
as resulting from hard-soft segment hydrogen bond dissociation. This allows an 
estimation of the contribution of hydrogen bonding to component segregation. Hence, 
with increasing temperature a significant increase in flexibility should be observed. 
Hydrogen bond dissociation at 80°C effectively decreases the restriction of mobility of 
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the soft segments by the hard component. Therefore, the extent of bonding between 
the urethane groups and the ether oxygen can be estimated by the increase in flexibility 
observed at 80°C. Table 7.3 shows the differences observed for tensile strength and 
elongation at 80°C compared to the room temperature values. The results for 
elongation at 80°C, where the opposite trend is observed to that at room temperature, 
suggest that the degree of hydrogen bonding between the hard and soft component 
increases from HYD98-130. Therefore, the content of inter-urethane hydrogen 
bonding in HYD98 is higher than in the other samples and this promotes hard-soft 
component separation. This is consistent with the DMTA study, which clearly 
highlights the greater domain segregation in HYD98. Therefore, the extent of inter-
urethane hydrogen bonding is higher in materials having better phase separation and 
ordered hard segment domains (26). 
The trend observed for tensile strength at 80°C is consistent with the decrease 
in molecular weight and phase separation with increasing levels of chain extension. 
This presumably is responsible for the low softening temperature of HYD 130 where 
difficulty in clamping was experienced at 80°C. 
The DMTA experiments carried out in shear mode are shown in figure 7.4. 
This clamping system offers the advantage of suppressing the onset of flow of the 
material and allows the examination of the high temperature transitions not seen in the 
earlier traces. A peak can be seen for each of the G" versus temperature traces 
corresponding to the hard domains. For HYDIIO-130 this peak appears in the 
temperature range of 50 to 60°C. However, this peak is shifted to almost 100°C in the 
case of HYD98. This suggests a higher degree of order in the hard domains is to be 
found in HYD98 due to hydrogen bonding and a greater contribution from the ionic 
interactions. 
Figure 7.5 shows the respective tan 0 versus temperature traces for the four 
samples. One main peak was observed for each and this transition similarly moves to 
lower temperature with decreasing molecular weight. These transitions are almost 
certainly a consequence of ionic aggregate dissociation or rearrangement (27) and have 
been examined by DMTA (28) and dielectric measurements (29) by other researchers. 
It appears from the results here that the PU structure does not breakdown significantly 
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below 200°C for HYD98. However, above 200°C the material begins to flow. 1l,is 
temperature decreases with decreasing molecular weight. 
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The cohesion within the hard domains is enhanced by the presence of the ionic moiety. 
The aggregation of the ionic groups into micro domains, forming physical crosslinks, 
gives rise to many of the unique properties of ionomers. The extent of these and the 
cohesion in the hard domains largely determine the high temperature performance of 
the PU (30). Hence, decreasing molecular weight appeared to reduce the cohesion in 
the hard phase presumably as a result of fewer ionic interactions. There have been a 
number of studies (31-33) that have been carried out in order to establish an 
understanding of the factors that control ionic association. These have included 
studies on the compatibility of the PU backbone and the ionic groups (34), the 
placement of the ionic groups (35), the degree of ionisation (36) and the choice of the 
neutralising cation (37). 
Infra-red (IR) analysis confirmed evidence already obtained from the tensile 
tests and DMT A. High temperature IR spectra were obtained for all the samples in 
order to identifY band shifts with increasing temperature. The important bands to 
consider here are the -NH and C-O-C from the hard and soft segments, respectively. 
The -NH band appears at 3320cm-1 and this represents the hydrogen bonded groups 
(38). However, a shoulder at 3400cm-' can be seen at room temperature which is 
representative ofunbonded -NH groups (38). The ratio of the bonded to unbonded 
groups can be used to ascertain information regarding hydrogen bond density. The 
spectra obtained at room temperature, 60°C and 100°C for HYD98 can be seen in 
figure 7.6. 
Increasing the temperature results in hydrogen bond breakage as the -NH band 
moves progressively to higher wave number as a result. This increasing wave number 
is the consequence of an increasing number of unbonded -NH groups as hydrogen 
bonds to the carbonyl of the hard segments and the C-O-C of the soft segments 
dissociate. The ether band at 1120cm·' moves progressively to lower frequency 
because of a reduction in bonds between the hard and soft segments. 
However, information regarding the number ofunbonded -NH groups existing 
at room temperature can be determined from the spectral subtraction of the spectra at 
room temperature from that at 100°C. DMTA and tensile tests have suggested that a 
significant number of hydrogen bonds breakdown at temperatures exceeding 80°C. 
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Figure 7.7 Infra-red spectral subtractions for the BYD series. 
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Hence, at 100°C few hydrogen bonded -NH groups will remain. Alternatively, the 
majority of these groups at room temperature are bonded. Therefore, after spectral 
subtraction, the more predominant the band at 3400cm·', representing unbonded 
groups, the higher the degree of hydrogen bonding in the film at room temperature. 
The IR spectra obtained after subtraction are shown in figure 7.7. Clearly a peak at 
around 3400cm·' is observed for the 98% chain extended sample, HYD98. However, 
for the other samples, the unbonded -NH band appears as a shoulder. From this it can 
be predicted that at room temperature fewer hydrogen bonds involving the -NH group 
occur with decreasing molecular weight. This is consistent with the other data 
compiled. The trends observed for the mechanical properties and solvent resistance 
observed previously for the samples may be accounted for in terms of differences in 
structure arising from decreasing hydrogen bond densities and ionic interactions with 
decreasing molecular weight. 
7.2 Chain extension with dibyrazides 
A further two series of samples chain extended with carbodihydrazide (CAR 
series) and adipic dihydrazide (ADI series), respectively, were prepared. The colloidal 
properties for both sets of samples are shown in figures 7.8 and 7.9. Similar trends 
with respect to particle size and viscosity were observed with these chain extenders. 
The increasing particle size with increasing level of chain extension is the direct. 
consequence of decreasing molecular weight as already seen for the hydrazine-
extended samples. Similarly to the HYD series, the viscosity of the dispersions 
decreases with increasing particle size as a result of a reduction in the effective volume 
of the particles. The results of the particle size and viscometric studies are included in 
table 7.4, in addition to the mechanical properties exhibited by each sample. 
For the carbodihydrazide series, the tensile strength and elongation at break 
tended to decrease with decreasing molecular weight, though this was less significant 
than for the hydrazine series. However, the adipic dihydrazide samples (ADI98- 130) 
exhibited a completely different trend to that expected from the other two studies. 
148 
-------------------------------------------
Chapter 7 A study of the chain extension process 
Tahle 7.4 Colloidal and solid state properties of the CAR- and ADI-
extended samples 
Bracketed values refer to tests conducted at 80'C 
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Figure 7.8 The effect of molecular weight on the colloidal properties of the 
carbodihydrazide series. 
In this case, the best mechanical properties were achieved at 110 and 120% chain 
extension. The mechanical properties of ADl98 and 130 were significantly poorer. 
The mechanical properties of the CAR and ADI series are shown graphically in figure 
7.10. The trends observed for the mechanical properties of CAR98-130 appear to be 
the consequence of differences in bonding and molecular weight. The bracketed 
values in table 7.4 represent tensile tests conducted at 80°C. There was no significant 
difference in tensile strength for the CAR samples at 80°C. 
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Figure 7.10 The effect of molecular weight on the solid state properties of the 
CAR and ADI series. 
This, perhaps, suggests that there is little difference in the degree of hydrogen bonding 
in these samples. However, it is almost impossible to separate the contribution of 
molecular weight and hydrogen bonding to the observed tensile strengths, though the 
trend is clearly different to that observed for the HYD series. This similarity in the 
tensile properties of the samples at 80°C may be the result of some incompatibility 
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between the diisocyanate and the chain extender. This is discussed further in a later 
section. 
DMTA traces shown in figure 7.1 I highlight some differences in bonding. 
Notice that the low temperature transition tends to higher temperature with decreasing 
molecular weight, but more importantly the high temperature transition moves 
progressively to a lower temperature. Hence, decreasing segregation of the hard and 
soft domains was observed for samples CAR98-130, and consequently poorer 
properties are observed with increasing levels of chain e:l.1ension, as was seen earlier. 
IBO 
IBO 
"0 
120 
a 
.. 100 is 
W BD 
m 
c 
u 60 c 
• 
'" 
'0 
20 
0 
-20 
-)00 -BD -60 
-'0 -20 0 20 60 BD 
T-PGrotur. C-O 
Figure 7.11 Loss modulus vs. temperature plots of CAR 98 (X), CARII0 (+), 
CAR120 (*) and CAR130 (0). 
The ADI-series again exhibited a different trend from that seen for the other 
samples. The lowest soft segment transition is observed for ADII20 as shown in 
figure 7. 12. It is true that the relation between the degree of phase segregation and the 
mechanical properties still holds for this series. ADIIIO and 120 exhibited more phase 
segregated morphologies, and, consequently, exhibited improved mechanical 
properties even at 80°C. However, it is important to elucidate the phenomenon so that 
an understanding of the morphological development can be ascertained. 
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Examination of the films sheds some light on this. All the hydrazine- and 
carbodihydrazide-extended samples formed transparent films on coalescence. 
However, white, opaque films resulted on film formation of the ADI series of samples, 
and this became more predominant with increasing addition of chain extender. 
Because crystallin.ity in these samples is unlikely (DSC studies confirmed tills), another 
factor to consider is the precipitation of the chain extender during film formation. As a 
consequence of tills precipitation, the chain extender is seen to function somewhat like 
a reinforcing fi.IIer (19) in ADII 10 and 120. However, the precipitating chain extender 
results in a lower degree of chain extension and molecular weight build-up. Hence, it 
is reasonable to assume that the molecular weight of these samples are considerably 
lower than those for the corresponding hydrazine and carbodihydrazide samples. This, 
in relation to the poorer mechanical properties of this series of samples, in comparison 
with the other samples seems to be a fair assumption. The results also suggest that 
chain extension is the major factor affecting the observed results. For sample AD1130, 
where precipitation was greatest, a significant decrease in the tensile strength and 
elongation results. 
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The solvent resistance of the samples again highlight the similarity of the HYD 
and CAR series. The solvent susceptibility of the films increased with decreasing 
molecular weight. The solvent susceptibility of the ADI series reflects the 
incompatibility of the PU and the chain extender and the increasing precipitation. The 
filler effect of the chain extender, though beneficial for the mechanical properties of 
ADIlI0 and 120, was easily dissolved on contact with the test solvents and the films 
were easily broken down. The swelling results in table 7.5 highlight the same trends 
obsetved for the HYD series. However, there appeared to be a greater resistance to 
swelling in these samples. 
Table 7.S Swelling results for the CAR and ADI series of samples 
~I%~i~~l\:v,~~~~ 
CAR98 70.7 72.6 38.2 42.5 
CARlIO 78.2 66.1 28.6 47.1 
CARI20 93.2 112.1 29.4 47.5 
CAR130 92.7 147.6 11.3 48.1 
ADI98 97.8 109.2 57.5 120.8 
ADIlI0 82.0 122.9 163.3 55.5 
ADIl20 106.7 147.8 lIU 44.4 
ADIl30 1I7.3 152.5 133.8 59.4 
7.3 A comparison of hydrazine-extended samples with the dihydrazide-
derived samples 
Consideration of the structures achieved by chain extending the NCO-
terminated prepolymer with hydrazine and the dihydrazides allows a prediction to be 
made with respect to the differences in their properties. The use of hydrazine (I) and 
the dihydrazides (11) as chain extenders results in the incorporation of the following 
structures into the PU backbone (39). 
o 0 
(I) [-R-NH-~-NH-NH1-NH-l Polyurelylene 
000 0 
11 11 11 11 
(11) [ -R-NH-C-NH-NH-C-R-C-NH-NH-C-NH-] n Poly(acylsemicarbazide) 
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Clearly, from the above structures, dibydrazide chain extension results in a 
linear PU containing twice the number of carbonyl groups compared to similarly 
extended hydrazine samples. The significance of this related to hydrogen bonding can 
be considered. It has been well documented (40) that hydrogen bonding of the 
urethane and urea NH groups can take place with suitable proton acceptors. In the 
HYD series, these proton acceptors are the urethane and urea carbonyl groups of the 
hard segment and the ether oxygens. However, in addition to these, there are the extra 
carbonyls of the dibydrazide extenders, carbodibydrazide and adipic dihydrazide, that 
can participate in hydrogen bonding. Also, the higher degree of unsaturation in the PU 
backbone as a result of these extra carbonyl groups results in the formation of pink 
dispersions over a period of time. Substances where molecules contain double or triple 
bonds (41) (C=O, COOH, N=O, N=N, C=C, C=S etc.) have the capacity of absorbing 
light of certain wavelengths. The higher C=O group concentration in the dihydrazides 
results in absorption of light in the visible region of the spectrum. Therefore, 
white/pink coloured dispersions were obtained. Hence, the C=O groups of the 
dibydrazide-derived samples constitute chromophoric groups. The degree of light 
absorption increases when there is a transition from the co-ordinately unsaturated state 
to the ionic state (41). This confirms that the C=O groups in the dihydrazide chain 
extenders play some role in hydrogen bonding. Hence, it is not unreasonable to expect 
a higher degree of inter- hard segment hydrogen bonding in these series of samples. 
This hydrogen bonding between adjacent chains enhances hard domain cohesion and 
promotes phase segregation. Also, the increasing molecular weight of the chain 
extenders from HYD<CAR<ADI results in longer hard segments. This alone might be 
expected to contribute to an improvement in the mechanical properties of these 
samples (42). This, however, is clearly not the case as highlighted from the studies 
here. 
Hence, the reactivity of the chain extenders was examined. In order to 
investigate this IR analysis was employed. The chain extender-diisocyanate reaction 
was carried out in DMF at a 5% concentration. IR spectroscopy was used to follow 
the reaction by the disappearance of the free NCO band at 2230 cm· l and the 
appearance of the NH band as a result of urea formation. The hydrazine reacted very 
rapidly with the diisocyanate and after only one minute no free NCO groups were 
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detected. The dihydrazides also reacted quickly with the diisocyanate, but the NCO 
band was detectable up to 3 minutes and 10 minutes for the carbodihydrazide and 
adipic dihydrazide samples, respectively. It should also be noted that initia11y the 
dihydrazides did not completely dissolve in the DMF, even at low concentrations, 
resulting in a hazy suspension/solution. However, on diisocyanate addition clear 
solutions were obtained. This poor solvation of the dihydrazides even in DMF may 
also be considered to result consequently in a low molecular weight film being cast 
from water. 
Similarly, an NCO-terminated prepolymer, of the same composition as the 
HYD series, was prepared as a 20% solids solution in DMF. An equivalent amount of 
chain extender based on free NCO content was added and examined by IR 
spectroscopy over a period of time. The results simply confirmed the earlier 
observations. Hence, from the evidence gained from these two studies, the chain 
extenders may be placed in decreasing order of reactivity HYD>CAR>ADI. lbis 
complies with the theoretical prediction (43) of their reactivities, since the basicity, 
and, hence, reactivity of the dihydrazides is lower as a consequence of the electron 
withdrawing effect of the carbonyl groups. Ramesh et a!. (44) discovered from studies 
of thermoset PUs that Mc, the molecular weight between cross1inks, depended on the 
reactivity of the N-H hydrogens of the chain extender. Hence, benzidine in their 
studies, being the most reactive, had the lowest Mc value, and, hence, exhibited 
improved properties compared to the other amine extenders investigated. Perhaps the 
differences in reactivity and the poor solvation of the dihydrazide extenders is 
significant in that this consequently results in poorer chain extension and lower 
molecular weights. Therefore, these samples exhibit poorer properties than the similar 
HYD samples. 
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Chapter 8 Diisocyanate and polyol structure and molecular weight 
8.0 A structure-property study of polyurethane anionomers based on various 
polyols and diisocyanates 
Polyurethane ionomers are prepared by a step growth reaction between a 
diisocyanate, polyol, and a stabiIising group (I). A number of approaches have been 
developed for the preparation of PU ionomers (2,3) including the prepolymer mixing 
process outlined in section 3.5.1. PUs are commonly prepared as low molecular 
weight prepolymers having reactive NCO end groups. The prepolymer is then chain 
extended with a diol or diamine chain extender. A number of diisocyanates have been 
used in PU preparation including TDI (4), IPDI (5-7), HDI (8) and H12MDI (9). 
Polyethers and polyesters (10,11) are commonly used as the soft segment polyol . 
Microphase separation between the incompatible soft polyol and hard urethane 
sequences contribute to the unique properties of PU ionomers (12). The extent of 
microphase separation depends largely on the diisocyanate (13), polyol (5) and ionic 
stabiIising group (9) used in the preparation. Therefore, it is imperative to establish the 
extent to which these affect the morphology and properties of the PUs. 
To study the consequence of the diisocyanate structure and the polyol on the 
morphology of PU ionomers, a number of samples were prepared. The effect of the 
stabilising moiety is dealt with in a later chapter. The samples prepared using IPDI, 
HDI, H12MDI and TMXDI were examined in order to establish an understanding of 
the structure-property relationships imparted by each of these diisocyanates. In 
addition, samples prepared using mixed diisocyanates were also studied to see if 
synergistic properties arose. 
Finally, the effect of the polyol molecular weight and structure were 
investigated for a number of IPDI-based PUs prepared using PPGIOOO, PTHFlOOO, 
PTHF2000 and PCL2000. The specifications of all the samples studied in this chapter 
are outlined in sections 5.5.6 and 5.5.7. Similar compositions were used in all cases so 
that a comparative study could be made. 
8.1 Effect of varying the polyol structure 
Table 8.1 shows some of the dispersion characteristics and film properties of 
two samples, one prepared using PTHF (PTHFI) and the other incorporating PPG 
(PPG I), both having an average molar mass of 1000. 
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Table 8.1 The colloidal and solid fIlm properties of PUs with soft segments of 
different structure 
.. 
; PTHFl PPGI 
Particle size tom 57 58 
Latex viscosity @ 0.38 0.02 
250 lPa.s 
MFftOC <I <I 
pH 8.2 8.2 
Tensile strength 50.1 4.4 
lMPa 
Initial modulus 22.5 0.31 
lMPa 
Elongation at break 314 258 
1% 
Tgs' (DMTA) laC -52 -14 
Tghb (DMT A) laC 78 19 
Solvent spot test' 33 10 
• Tg of the soft segment 
b Tg of the hard segment 
, Solvent spot tests scored out of a maximum of 70 
Table 8.2 IR peak positions for PTHFI and PPGI PUs at different 
temperatures 
~ip1fi~f.~R:i;ifu1%4(iOc'1W600F<1"86o.~ p 1i'f ,~ . ~~. "p- " .~, .;- l J 
__ ~ :_.~~_~;,,:,_,~,: ~ :~ ____ .J _:. '-.,1 .,: 
PTHFI 
-NH Icm'l 3319 3321 3323 3323 
PPGI 
_NH/cm'l 3321 3323 3325 3327 
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The samples were im·estigated by infra-red spectroscopy and DMTA. The IR study 
employed a heated cell which allowed the· investigation of band movement with 
increasing temperature. Of special interest were the -NH groups and the influence of 
temperature on their position. Table 8.2 outlines the -NH peak position at different 
temperatures. Shifting of the -NH band with increasing temperature was observed for 
both samples. This was attributed to the breakdown of hydrogen bonds between the 
hard segments or hard and soft segments. The movement of the -NH band to higher 
frequency is indicatr-·e of the fonnation of free unbonded -NH groups. A shoulder is 
seen to develop. This has been reported (14) as being representative of un bonded -NH 
groups. Increasing the temperature results in further shifting and what was once only a 
shoulder becomes the main -NH band. Relatively low temperatures i.e. >600 ( was 
required for the breakage of these bonds. 
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Figure 8.1 Loss modulus versus temperature plots for the PTHFIOOO sample 
(+) and the PPGlOOO based sample (X) 
Figure 8. I shows the DMT A traces obtained for PTHF I and PPG I PU 
samples. It is clear that the change in polyol has a significant effect on the phase 
separation exhibited. The DMTA trace obtained for PTHFI showed the soft (Tgs) and 
hard (Tgh) segment transitions reasonably clearly. See table 8.1. However, for PPGI 
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only one broad peak with a high temperature shoulder was identified. Hence, the 
segments in the PPG sample are significantly more mixed than for PlHFI. It may be 
that the methyl side groups in PPG hinder the polymer chains aligning for hydrogen 
bond formation, whereas in the case of PTHF alignment of the polymer chains occurs 
more readily (15). 
The predominantly phase mixed structure of PPG 1 resuhed in lower tensile 
strength and initial modulus than PTHF I. PTHF I possessed properties of a strong, 
tough material, while maintaining a high degree of elasticity, presumably a reflection of 
the two phase morphology. Improvement in solvent resistance for PTHFI in 
comparison to PPG I is most likely due to the reinforcement by the hard segment 
domains. 
8.2 The effect of polyol molecular weight 
Here, to maintain the same NCO/OH ratio and hard fraction content for 
comparison with the PTHF 1 000 sample, the level of cyclohexane dimethanol (CHDM) 
and IPOI were increased and decreased accordingly. See section 5.5.7 for details of 
the specifications of these samples. So, for the PTHF2000-derived sample, it is 
important to note that almost twice as much CHDM is present, and this is expected to 
influence significantly the properties exhibited by the sample. Table 8.3 shows some of 
the dispersion characteristics and film properties of the two samples, one prepared 
using PTHF of 1000 (PTHF1) and the other of2000 (PTHF2) molar mass. 
The particle size results shown in table 8.3 indicate that the particle size 
decreases slightly as the molecular weight of the soft segment increases. This is 
consistent with results reported by other workers (5). The increased flexibility of the 
soft segment results in decreasing particle size because the PU chains become more 
flexible, not solely by their fractional increase in molecular weight, but also from the 
reduced number ofurethane linkages, which with the isocyanate segment form the hard 
domains (16). Other important factors to consider are the prepolyrner viscosities, see 
table 8.3, which are significantly different at 70°C. The higher prepolymer viscosity 
for PTHF2 will increase the resistance to droplet formation. 
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Table 8.3 Dispersion and film properties for materials with polyols of 
increasing molecular weight 
Particle size lrun 
Latex viscosity @ 
25°C IPa.s 
Prepolymer viscosity 
@70oc/Pas 
MFT/Oc 
pH 
Tensile strength /MPa 
Initial modulus /MPa 
Elongation at break 
1% 
Tgs(DMTA) 1°C 
Solvent spot 
, Solvent spot tests scored out of a maximum of 70 
lea 
162 x'\ 
X x 
x X I" X 
X X X 
126 X X x 
'il x x 
n. loe x 
:5 x 
x 
W 90 ~ ~ , 
u 72 , 
• m 
54 
36 
le 
o 
-100 -75 -50 -25 o 
57 51 
0.38 0.43 
3.5 66.0 
<I <I 
8.2 8.3 
50.1 20.6 
22.5 2.5 
314 250 
-52 -63 
33 24 
25 50 75 100 125 
Figure 8.2 Loss modulus versus temperature plots for samples PTHFl (+) and 
PTHF2 (X) 
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Comparing the DMTA data in table 8.3, an increase in the degree of phase 
separation was apparent for PTHF2 due to its lower soft segment Tg. See figure 8.2. 
The increase in molecular weight of the PTHF2 soft segment facilitates this increase in 
phase separation. It was thus interesting to find out whether this situation would lead 
to soft segment crystallisation. Examination by differential scanning calorimetry 
(DSC) and wide-angle X-ray analysis (WAXO) provided no evidence for crystallinity 
in either domain. This is consistent with similar studies (17) of PU systems employing 
PTHF polyols of increasing length. 
The mechanical properties of these two samples compliment the WAXO and 
DSC results. The results from tensile testing are also shown in table 8.3. It is apparent 
that an increase in polyol molecular weight results in reduced tensile strength, 
modulus, and elongation at break. In the absence of domain crystallinity, as shown 
previously, it is the reduction in the number of urethane linkages in PTHF2, as a 
consequence of PTHF2000 incorporation, and not the increase in CHDM content, that 
has the predominant effect upon mechanical properties. This is also complemented by 
the increased flexibility of the higher molecular weight polyol. This explanation and 
the difference in phase separation may also be applied to explain the large difference in 
the solvent resistance of these two films shown by the solvent spot test experiments. 
The solvent primarily attacks the soft domains, but is retarded by the hard segments. 
Hence, the greater the degree of phase separation the more susceptible the film is to 
solvent attack. It has been shown here that PTHF2 has a poorer resistance to solvent 
than PTHFI and this is consistent with the above. Sreenivasan (18) discovered that he 
could estimate the hard segment content in polyurethanes from solvent absorption. A 
modified version of this method was used for the examination ofPTHFI and PTHF2. 
The results from the swelling studies indicated that higher swelling was observed for 
PTHF2 in all solvents tested. This could be a result of the increased phase separation, 
compared to PTHFI, as discussed above. 
8.3 A comparison of polyetber and polyester-based PUs 
In order to compare the properties of polyether and polyester-derived PUs, a 
sample prepared with a polycaprolactone diol soft segment of molecular weight 2000 
(PCL2) was made. The specifications for PCL2 and PTHF2 are outlined in table 5.22. 
The colloidal and mechanical properties are shown in table 8.4. The colloidal 
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properties of both PCL2 aod PTHF2 were very similar due to the constaot hard 
segment concentration aod the similar nature of the two soft segments. The polyether, 
PTIIF2, exhibited a lower modulus, but higher elongation at break compared to the 
polyester-based sample. This is presumably due to the more flexible nature of the ether 
group. However, PTIIF2 also exhibited greater strength due to the ability of the 
PTIIF soft segment to undergo stress-induced crystallisation. PTHF has been well 
documented (19) as giving elastomers with the best physical properties of polyether-
based PUs due to its regularity aod its ability to crystallise upon extension. Generally, 
polyethers have weaker interchain interactions compared with polyesters, aod give 
elastomers of inferior physical properties (19). However, these findings here compare 
well with similar comparisons in the literature (17). 
Table 8.4 Dispersion and mm properties of samples PCL2 and PTHF2 
f~,~~P~<£T '1i~00ili g:Ti;iYfrnq'~ f ,",~l '"i-'~$': t'~:?", 1'~' ~,~~~" 11" "'1. ~ .... _. ~ ~v! ... ;;~ , 0~ 
""A<~'" ~" .. ..:;J.~ ~_~,_.",,,,_, _~_ -M"~_.':'-'''''''-_V .~, .. 1 
Particle size lrun 51 51 
Latex viscosity @ 0.37 0.43 
25°C /Pa.s 
Prepolymer viscosity 4.7 6.0 
@ 70°C I Pa.s 
MFT laC <1 <1 
Ea' I kJ mort 58.3 55.5 
Tensile strength lMPa 14.3 20.6 
Initial modulus lMPa 5.0 2.5 
Elongation at break 239 250 
1% 
Tgs (DMTA) laC -38 -63 
Solvent spot testa 30 24 
• the flow activation energy determmed from VISCOSIty measurements WIth mcreasing temperature 
Polyether-based PUS also tend to have greater hydrolytic stability compared to 
similar polyester-derived PUs (20). This is due to the more ready hydrolysis of the 
ester group compared with that of the ether group. This hydrolysis is acid catalysed 
aod hydrolytic degradation of polyesters is autocatalysed by the carboxylic acid groups 
formed on hydrolysis. Polycaprolactone diol has been reported (21) to offer better 
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resistance to hydrolytic degradation. However, the results from the hydrolytic testing 
carried out on PCL2 and PTHF2, shown in table 8.5, highlights the greater stability of 
the polyether-based PU. The samples were tested after one week in which the dumb-
bell test specimens were submerged in water. The samples were allowed to dry at 
room temperature for 24 hours prior to testing. The tensile strength of PCL2 
decreased by 20% due to the degradation of the ester groups. In contrast, the 
polyether sample showed little difference in strength, highlighting the resilience of the 
ether group to hydrolysis. Both samples exhibited higher elongation as a 'result of 
plasticisation of the films with water improving the flexibility of the samples. The 
samples had blushed on removal from the water, but became transparent again over a 
period of 24 hours indicating the loss of water. 
Table 8.5 A study of the mechanical properties of PI ID'2 and PCL2 PU 
samples after treatment in water for 7 days 
... 
"{<-- --It':''lWTe'nsiit:,,-- ~ire'flgtb'; ." ~;4')' ";/~%" ,- ~-..-~~":. 'f"Eioo~atrbn iii' b"rclii,' " . . % ! " . t:> 
Difference Difference 
Befole After ~, ~1: dl~ I:ca~e , 1', :. Ber?~e An~r increase 
" ~ ",' ....... . ... . --, . . 
PfHF2 20.6 19.0 8 250 325 30 
PCL2 14.3 11.4 20 239 282 18 
The DMTA traces of both samples are shown in figure 8.3. In both traces of 
the loss modulus versus temperature plots two transitions are observed. The low 
temperature transition, corresponding to the soft segments, was observed at -63 and -
38 for PTHF2 and PCL2, respectively. The soft segment Tg of pure PTHF is 
approximately -80°C and, therefore, there is significant component mixing in PTHF2. 
However, the Tg of pure PCL has been reported (22) as being approximately -45°C. 
Since the low temperature transition is commonly used to assess the degree of 
component mixing, it appears, using this value, that PCL2 has almost pure hard and 
soft domains. Microphase separation is a primary factor in the development of good 
mechanical properties. Therefore, it would be reasonable to expect PCL2 to have 
superior mechanical properties compared to PTHF2. However, judging from its low 
strength, it would appear that the degree of phase segregation, in this instance, has a 
less significant effect on the mechanical properties. However, it is more likely that this 
value for the Tg of PCL is significantly higher, and that, in fact there is a significant 
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amowlt of segment mixing in PCL2. Other researchers (23) studying PCL2000-
derived PUs assumed that the Tg of PCL was -60°C for their calculations. Also, 
considel;ng the greater polarity of the ester group compared to that of the ether group 
one would expect an increase ill the compatibility of the hard and soft domains and, 
therefore, this would favour segment mixing. The values of the activation energies 
obtained from viscosity measurements of the prepolyrners at increasing temperature, 
confinn this. The lower Ea value for PTHF2 reflects the lower polarity of the soft 
segment, and, therefore, its higher incompatibility with the hard domains compared to 
PCL2 . 
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Figure 8.3 Loss modulus versus temperature plots for samples PCL2 (X) and 
PTOF2 (+) 
The high temperature transition. corresponding to the hard segment mobility, is 
observed at 75 and 58°C for PCL2 and PTHF2, respectively. TIlis peak results from 
cohesion in the hard domains and its position is influenced by the ionic group content 
and the urethane and urea concentrations. However, if these are kept constant, as in 
this case, the temperature at which this transition appears is due to the degree of 
cohesion in the hard domains. But, since the properties at a constant hard segment 
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concentration are dependent on the nature of the soft sequences and the degree of bard 
- soft segment segregation PCL2 exhibits a poorer tensile strength than PTHF2. 
TIle storage modulus versus temperature plots are shown ill figure 8.4. TIle 
greater flexibility of the polyether is highlighted by the larger drop in the modulus in 
the transition region at approximately -70°C for PTHF2. This reflects the greater 
energy of cohesion of the ester group (12.1 kl/mol) compared to that of the ether 
group (4.2 kllmol) (24). 
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Figure 8.4 Storage modulus versus temperature plots for samples PCL2 (X) 
and PTHF2 (+) 
No crystallinity was observed for either sample suggesting tbat the degree of 
component segregation or the molecular weight of the soft segment was not sufficient 
for the development of crystalline soft domains. This is consistent with the literature 
(25), where crystallinity in a series of PCL-based samples was not observed below a 
soft segment molecular weight of 3000. The ionic component also promotes mixing of 
the hard and soft domains which makes the formation of crystalline domains less 
favourable. 
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8.4 Effect of diisocyanate structure 
The properties obtained for a number of PUs prepared usmg different 
diisocyanates are shown in table 8.6 and in figure 8.5. 
Table 8.6 Dispersion and fIlm properties of samples prepared from 
PI m'lOOO and different diisocyanates 
!?"""v."" ••• _ ....... _."-.,.. ...... -.-; ....... ,,,.,......ry.-r-. .,.,. __ . -...,. .. ~~~_ .., ''-11'";''' :W.-,. -.- ,~rr'"'--·-~~~·l 
r PROPER1;\'.··' ,,»'~,JPOJ. TM .. XOJ;.r H"MOt i' dP()IJHDJ , 
L".'.:..: ... __ v ~..:.. __ :.... __ j.~~:._·...>Z.,.;"--i..·""'..........:;,..----.JL-.M.""- -.... (._l<.. _ . ..6. ~ 
pH 8.2 8.2 8.9 8.7 
Particle size lrun 57 36 41 62 
Latex viscosity 0.38 0.10 0.44 0.10 
@25°e/Pa.s 
MFT/oe <I <I <I <I 
Tensile strength lMPa 50 6 23 23 
Elongation at break 314 457 238 269 
1% 
Tgs (DMT A) loe -52 .. 19 .. 41 .. 47 
Solvent spot 33 24 30 51 
% Swelling' 
2 .. Butanone 133 D 92 79 
Water 36 108 22 38 
DMF D D D 0 
Xylene 84 132 63 64 
• D denotes dissolution of the film 
The HOI prepolymer was successfully prepared, but on chain extending the 
prepolymer, gelation resulted. HOI also appeared to be more reactive than the other 
diisocyanates used in this study, achieving the calculated prepolymer %NCO value in 
only one hour with half the normal amount of catalyst. This suggests that the 
prepolymer viscosity is high prior to chain extension with biuret and allophanate 
groups being present. On chain extending the prepolymer, a 3-dimensional network is 
believed to have been produced resulting in a gel. In order to overcome this, a larger 
NCOIOH ratio may be used in order to lower the molecular weight of the prepolymer 
so that it may be chain extended. Chen and Chan (26) described the preparation of a 
NCO-terminated prepolymer derived from HOI using a 6: I NCO/OH ratio. In fact, 
few papers have been published in the open literature (27) on HDI ionomers because 
of its readiness to form high molecular weight branched materials. Most work has 
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been confined to cationomers (28,29) commonly studied as solutions in MEK rather 
than as water-borne dispersions. Hence, for this study, no HDI-derived PU of simiIar 
composition to the other samples could be prepared. 
Solvent resistance 
Songalion (%) 
Tensile strength (r.t"a) 
·100 o 100 200 400 500 
IIImVHll 
1!J1MXDI 
OH12MJ1 
.ml 
Figure 8.5 Properties of polyurethanes prepared using different diisocyanates 
Viscosity measurements were determined for the prepolymers ofIPDI, TMXDI 
and HI2MDI, at constant NCO/OH ratio, at increasing temperatures. Figure 8.6 shows 
the results and highlights the significant differences in prepolymer viscosity obtained 
when using these different diisocyanates. The prepolymer viscosities at the 70°C 
dispersion temperature can be seen in figure 8.7. The low viscosity of the TMXDI-
derived prepolymer makes processing much easier than in the IPDI and H12MDI 
prepolymers where the viscosity is significantly higher. Hence, dispersions may be 
prepared at higher solids content when using TMXDI as the prepolymer viscosity 
remains relatively low. Another advantage of the TMXDrs lower prepolymer 
viscosity is the reduced need for a cosolvent. It has been reported (30) that TMXDI-
derived PUs may be prepared without the necessity for cosolvent. This, of course, is 
significant with tightening laws on the emission of solvents. 
169 
Chapter 8 Diisocyanate and polyol structure and molecular weight 
0+-----~-----+------~----4_----~----~ 
50 55 65 70 75 ao 
Tem pe.atu.e ('Cl 
__ Rl 
__ Tr.rol 
---.- H12MJ1 
__ RJIIHJI 
Figure 8.6 Viscosity versus temperature plots for prepolymers prepared from 
different diisocyanates 
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Figure 8.7 Viscosity at 70°C of the prepolymers prepared from different 
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DMTA was employed to elucidate differences in phase separation. See figure 
8.8, where it is clear that these samples possess very different phase morphologies. 
The soft segment Tg (Tgs) for the samples are in the increasing order of IPDI 
<IPDVHDI <H. 2MDI < TMXDI. It is apparent from these studies that on blending 
HO!, an aIiphatic diisocyanate, with !PDI the degree of phase separation decreases and 
the Tg of the soft domain moves to a higher temperature. The symmetrical structure 
of HOI favours crystallisation of the hard domains which is common in HOI-derived 
PUs. However, in the case of the blend, DSC studies showed that crystallisation of the 
hard segments is inhibited by the presence of the !PDI Wlits, and the low molecular 
weight of the PTHF polyol makes complete phase separation difficult. Thus, the 
higher soft segment Tg for the blend is most probably the consequence of disrupting 
the hard domain with the inclusion of!PD I. 
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Figure 8.8 Loss modulus versus temperature plots for samples prepared with 
[PDI (+), TMXDI (0), HI2MDI (X) and IPDIIHDI (") 
The TMXDI sample appears from this study to be more segment mixed 
compared to the other polyurethanes. The asymmetrical structure and the steric 
hindrance of the isocyanate group by the a-methyl group result in TMXDI-derived 
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PUs possessing unique properties. Formation of allophanate, biuret, and trimer forms 
are not feasible. These two factors combined do not favour hard segment alignment 
and the formation of crystalline domains (31). The symmetrical structure of HI2MDI 
favours phase-separated domains and hard-phase crystallisation. However, the 
relatively low molecuIar weight of PTIIF and the existence of isomers of H.~I 
prohibit crystallisation in both hard and soft domains. The morphology of H.2MDI is 
. governed by the hard / soft fraction and the number of interchain interactions. It has a 
higher soft phase Tg compared to that for the IPOI-derived PU, suggesting that there 
are significantly more hard-soft phase interactions than in the latter, and., hence, a 
higher degree of segment mixing is deduced. 
OCN NCO 4,4' - ISOl'v1ER 
NCO 
>--CH2--< NCO ? 4' - ISOl'v1ER -, 
2,2' - ISOl'v1ER 
Figure 8.9 The isomers of HuMDI 
The mechanical properties and solvent resistance of these PUs were examined 
and compared. The resuhs are outlined in table 8.6. A trend corresponding to the 
DMTA results was observed from a study of tensile strength. The !POI sample had 
the highest ultimate tensile strength, but the IPDI / lIDI blend exhibited poorer 
mechanical properties. The HI2MDI sample, however, having more separated domains 
tended to possess increased strength compared with the TMXDI-derived sample, but 
significantly lower elongation. HI2MDI consists of a number of isomers in addition to 
the 4,4-isomer (c.C MDI) ie. 2,4- and 2,6-. Although the 4,4- isomer is in the 
majority, these other two forms are also present, unless more pure grades are used. 
The three isomers are shown in figure 8.9. The closer the two -NCO groups are to 
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1800 to one another, i.e. the 4,4- isomer, the better the packing and greater the 
cohesion of the hard phase (32). This leads to an improvement in the strength of the 
PUs. Hence, the presence of these two other forms of HI2MDI fonn less well packed 
hard domains than the 4,4- isomer, which has a detrimental effect on the overall 
strength of the PU. 
TGA traces for the TMXDI, H12MDl, lPDl and lPDIIHDI-based samples are 
shown in figure 8.10. The .samples can be placed in order of increasing thermal 
stability TMXDl<lPDl<lPDlfHDI<H12MDI. In genera~ PUs are not very thennaUy 
stable polymers. The thermal degradation temperature of the urethane bond depends 
on the type of diisocyanate and polyol used (33). The best thermally stable samples are 
obtained from a combination of aliphatic diisocyanate and aliphatic polyol (33). In 
segmented PUs, thermal stability is governed not necessarily by the weakest link in the 
chain, but often by the most frequently occurring one and by the environment of the 
gIVen groups. 
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Figure 8.10 TGA traces for the samples prepared with different diisocyanates 
Polyurethanes are thermally degraded by three basic mechanisms (34): (I) the 
urethane bond dissociating into its starting components; (2) the breaking of the 
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urethane bond with the fonnation of primary amine, carbon dioxide and an olefin; (3) 
splitting of the urethane bond into a secondary amine and carbon dioxide. Therefore, 
considering the above, the low thermal stability of the TMXDI-derived sample is a 
consequence of the aromatic structure of TMXDI. However, many other aromatic 
based materials tend to be stable at higher temperatures. H12MDI with its symmetrical 
structure facilitates chain packing, and hence, at high temperatures the structure is 
more stable than samples prepared with asymmetrical diisocyanates. The thermal 
stability of IPDI can be improved by using it as a diisocyanate blend with symmetrical 
aliphatic HDI. This especially shows a higher degree of thermal stability at 
temperatures exceeding 300°C as shown in the traces in figure 8.10. 
The solvent resistance of the films was determined by the solvent spot tests and 
a study of swelling in a number of solvents. The results from these are also shown in 
table 8.6. The swelling behaviour for samples from IPOI and Hl2MDI were similar in 
all the solvents. However, the TMXDI sample appeared to swell to a greater extent, 
and, in some instances, the film was dissolved completely. The inability of TMXDI to 
form biurets and aIlophanates resulting in branching and crosslinking leads to the 
observed swelling phenomenon. There may also be a contribution from the difference 
in the hardness of the IPDI and Hl2MDI films and the TMXDI film, resulting from 
increased phase separation in the former two films. The blend also showed similar 
swelling phenomenon, except with OMF, where the film did not dissolve as it had done 
previously for the other samples. In fact, superior solvent spot results were also 
observed for the blend. 
8.5 The use of diisocyanate blends to obtain a range of properties 
It has already been shown in the preceeding section that using a combination of 
diisocyanates in a blend can be an advantage. Therefore, this section deals with the 
properties obtained from combining IPOI and TMXDI. The specifications are shown 
in section 5.5.6. The aim was to obtain a material with excellent flexibility as shown by 
TMXDI samples, but with high strength as exhibited by the IPDI-derived PUs. This 
sample was compared with the single isocyanate urethanes of TMXDI and IPDI in 
order to highlight any synergistic properties achieved: The results from the study of 
the blend, in addition to those for the single isocyanate based urethanes, are shown in 
table 8.7. The particle size is smaller than that for the IPDI·based sample, but larger 
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than that for the TMXDI sample. Inclusion of the IPDI units in the blend also resulted 
in an improvement in the tensile strength, though a decrease in flexibility was also 
apparent. The tensile properties are represented graphically in figure 8.11. However, 
the flexibility of the blend was still significantly higher than that for the IPDI-based 
sample. 
Table 8.7 Dispersion and film properties of the samples prepared from IPD I, 
TMXDI and IPDIffMXDI 
-
--. '"" 
"i·PDlTfM"xoT;:-IPoi ,"r·i\ixoi;,j 
.. 
Particle size /nm 43 57 36 
Latex viscosity @ 0.1 0.4 0.1 
25°C /Pa.s 
Tensile strength 11 50 6 
lMPa .. 
Elongation at break 348 314 457 
/% 
Solvent spot 25 33 24 
Tgs/oC -24 -52 -19 
% Swelling 
2-Butanone D 133 D 
IPA D 231 51 
Water 64 36 108 
DMF D D D 
Xylene 158 84 132 
An 83% increase in the tensile strength with only a 24% loss in flexibility was achieved 
for the blend compared to the TMXDI-derived sample. This is very promising. The 
soft segment Tg, Tgs, for the three samples are also outlined in table 8.7 and in the 
DMTA traces shown io figure 8.12 The loss modulus versus temperature plot for the 
blend resembles that of the TMXDI based sample. However, the soft segment Tg is 
shifted to -24°C (-19°C for the TMXDI sample) indicatiog greater segregation 
between the hard and soft domains with the inclusion of IPDI. This is contributory to 
the better physical properties of the blend. This iocreasing segregation is the 
consequence of the increasing ability of the IPDI units to form hydrogen bonds with 
\ 
other hard segments on adjacent chains. However, io this case, it is also helpful to 
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consider the conformation within the hard domains. The hard domains in the blend are 
made up of a 50%IPDI / 50% TMXDI combination. 
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Therefore, to explain fully the improvement in the properties observed, and discover 
how these may be improved further, the sequence of the hard domains must be 
elucidated. Techniques such as X-ray analysis (35) can be used to probe the hard 
domains and provide a complex picture of the arrangement of the !PDI and TMXDI 
units. However, a simpler method is to consider the reaction rates of the individual 
diisocyanates in the preparation of the single isocyanate based PUs, and apply this to 
the blend. In the preparation of the TMXDI and IPDI samples, the theoretical NCO 
value for the prepolymer was reached in two hours of reaction. However, twice the 
amount of catalyst was required for the preparation of the TMXDI based PU in order 
to achieve the NCO value in the desired reaction time. Therefore, IPDI will react 
initially followed by the TMXDI. Hence, it is reasonable to assume that the hard 
segments will consist of blocks of IPDI units extended with TMXDI units at either end 
as shown. 
OCN--T--T--T--I--I--I--I--I--I--T--T--T--NCO 
T represents the TMXDI units and I represents the IPDI units. However, this is a very 
simplified picture and there are certain to be some irregularities of the unit blocks. By 
altering the reaction conditions and the feed ratio of the diisocyanates it is reasonable 
to conclude that a range of sequences (block structures) may be achieved. These will 
have a range of properties. The improvement in the properties exhibited by the blend 
are not as great as was initially expected from that of the TMXDI sample. Perhaps this 
is because chain extension takes place primarily through the TMXDI units. It has 
already· been discussed in the preceeding section that the formation of biuret and 
allophanate groups are inhibited in TMXDI samples, but also chain alignment and 
crystallisation is less favourable. Chain extension of the TMXDI units introduces urea 
groups in to the TMXDI blocks with little improvement in cohesion realised. Perhaps, 
a more significant improvement can be expected from samples with alternating 
TMXDI / IPDI unit structures, and more probably when chain extension takes place 
through the IPDI units. The important factor here is to be able to control the structure 
of the hard domains in order to achieve the desired properties. 
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TGA data show that incorporation of IPDI results in an increase in the thennal 
stability of the blend compared to the TMXDI based sample. TIlis is consistent with 
the improvement observed on comparing the HDUIPDI blend with the IPDI PU. TIle 
increasing ability of IPDI to take part in hydrogen bonding compared to TMXDI 
increases the cohesion in the hard domains, and, therefore, the structure is much more 
stable at elevated temperatures. The TGA traces of the blend and the TMXDI-derived 
sample are shown in figure 8. 13. The increasing thennal stability of the blend IS 
highlighted by the less rapid loss of mass as the temperature was increased. 
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Figure 8.13 TGA traces for samples prepared using TMXDUIPDI and TMXDI 
The solvent spot tests indicated that the blend had a comparable resistance to 
solvent attack to that of TMXDI. However, the swelling studies were quite 
surprising. These are shown in table 8.7. The blend tended to swell to a greater extent 
in nearly all the solvents and in IPA and 2-butanone the film was completely dissolved. 
Perhaps, this confinns the block structure proposed. It appears that IPDI inclusion 
increases the domain segregation, and, therefore, there are fewer hard segments 
dispersed in the soft matrix. Since at room temperature the soft segments are flexible 
and are readily swollen by solvents, the hard domains retard the solvent. Therefore, 
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the fewer hard segments dispersed in the soft domains, ie. the greater the segregation 
of the hard and soft domains, the higher the level of swelling the film will exhibit. 
Hence, in comparison to the TMXDI-derived PU, the inclusion of IPDI in the blend 
facilitates component segregation and an improvement in the mechanical properties at 
the expense of the solvent resistance is observed. 
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CHAPTER 9 The influence of the degree of neutralisation, the ionic moiety and 
the counter-ion on water-tiispersible polyurethanes 
Polyurethanes (PU) are a well established area of polymer science, and their 
versatility has led to much research (1-3) over the years into developing an 
understanding of their structure-property relations. It is well documented that PUs 
obtain their unique properties from microphase separation (4) of the incompatible soft 
polyol and hard urethane sequences. Since the late 1960's, the introduction of ionic 
groups into the PU backbone has led to the development ofPU ionomers. 
Structure-property relations of ionomers containing a small fraction of ionic 
repeat units have been the subject of numerous papers and reviews (5-7). The area of 
PU ionomers has grown rapidly in recent years. These ionomers contain pendant acid 
groups or tertiary amine groups incorporated into the polymer backbone. Water 
dispersibility is obtained on neutralisation of the acid groups to form internal salts. 
The advantages and disadvantages of ionic PUs are well documented (8) in the 
literature. The presence of the ionic species has a considerable affect on the physical 
properties (9). It has been discovered that the degree of neutralisation (6), the type of 
ionic component (10) and the counterion (11) used all contribute significantly to the 
properties of PU ionomers.. PU ionomers are now one of the most rapidly developing 
and active branches of PU chemistry. 
This chapter addresses and complitoents the work outlined in the literature. 
The degree of sodium hydroxide neutralisation, the type of ionic moiety and the type of 
counterion and their effect on the colloidal and mechanical properties are examined. In 
addition, the influence of the neutralisation stage is highlighted from a comparison of 
pre-neutralised and post-neutralised samples. 
9.1 The effect of increasing neutralisation of the ionic moiety 
The specifications and results from the colloidal investigation of the samples of 
increasing NaOH neutralisation are shown in table 5.13 and 9.1, respectively. The 
particle size decreased with increasing neutralisation of the carboxylic acid groups of 
the ionic chain extender. This decrease is the consequence of an increase in the 
particles' hydrophilicity with an increasing number of carboxylate anions present at the 
particle surface. Also the stability of the particle is significantly increased with 
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increasing neutralisation and the formation of the carboxylate anion. Increasing 
neutralisation and its effect on particle size was observed visually as a transition from a 
white dispersion of particles at 40% NaOH to an almost translucent solution at high 
ionisation. Lorenz et al. (12) examined the colloidal properties of a number of systems 
that possessed both COOH and COO' groups incorporated along the polymer 
backbones. They discovered, by employing conductiometric and potentiometric 
titration methods, that very few acid or carboxylate anions were located in the bulk of 
the particles. These were located at the particle surface where they took part m 
particle stabilisation with the formation of a diffuse double layer. 
The viscosity increases with decreasing particle size as the particle surface and, 
hence, the effective volume increases on going from a colloidal dispersion to a 
solution. The relation between particle size and viscosity is shown schematically in 
figure 9.1. The pH results confirm that ionisation increases linearly. 
Table 9.1 CoUoidal and mechanical properties of materals of increasing 
NaOD neutralisation 
I (:HARACfERISA TlON Na40 Na60 . . NaSO Nal00 
: /' , : .' 
, 
Particle size lom 132 104 76 63 
Latex viscosity @ 25°e 7.2 8.5 12.7 15.3 
ImPa.s 
pH 7.2 7.8 8.1 8.3 
Tensile strength /MPa' 12 (44) 11 (46) 18 (49) 23 (50) 
Elongation 1% 240 (243) 278 (271) 233(317) 305 (294) 
Tgs 1°C ·40 -40 -41 -43 
Water absorption 1% 187 291 372 405 
Overall solvent spot 18 22 27 31 
Swelling (%) 
2-Butanone 117 108 98 139 
IPA 154 166 291 180 
DMF D D D D 
Xylene 80 96 109 125 
, the bracketed values refer to tensile tests carried out on samples that had been heated at 800 e for 7 
days under vacuum. 
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Schematic representation of the conoidal properties of samples of 
increasing NaOH neutralisation. 
The mechanical properties of these samples are outlined in table 9.1 and are 
shown schematicany in figure 9.2. The teosile strength tended to increase from 44 
MPa at 40 % neutralisation to 50 MPa when complete ionisation was carried out. The 
ionic sites augment the interchain interactions via the coulombic forces between ionic 
centres and the counter· ions. In addition, since the ionic component contributes to the 
hard segments, interchain interactions mainly occur between hard domains (13). This 
should favour an increase in the number of interchain interactions which, along, with 
the coulombic forces contribute to the increasing strength with higher ionisation levels. 
However, contrary to other work found in the literature (6), elongation showed an 
overall increase with neutralisation. This perhaps is the result of plasticisation by water 
as a consequence of the relatively high level of DMPA. Hence, the films tended to be 
transparent, but hazy. In order to improve this, the films were heated in a vacuum 
oven at 80°C for a period of 7 days. However, although the films exhibited better 
mechanical properties (values in brackets quoted in table 9.1) they remained hazy. 
The viscoelastic properties of the samples were examined and the DMTA 
traces are shown in figure 9.3. Increasing microphase separation between the soft and 
hard domains was observed due to an increasing number of hard segment interactions 
with neutralisation. This was observed as a slight decrease in Tgs. 
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Figure 9.2 Schematic representation of the mechanical properties of the 
samples of increasing NaOH neutralisation. 
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This increase in microphase separation is relatively small, which again suggests that 
water retention by the ionic species in the film may be responsible. Kim et al (6) 
carried out a simi1ar study using TEA as the ionising moiety. They observed increasing 
tensile strength and microphase separation at the expense of elongation as they 
increased the degree of neutralisation from 0 to 100%. However, they conducted their 
studies in DMF, and, hence, as well as being able to study the un-neutralised sample 
they were also able to overcome solvent retention because of lower DMPA levels. 
However, in this study, the DMPA level had to be high in order to maintain a high 
number of ionic species even at low neutralisation levels. Low levels of DMPA le. 
< I Owt% would result in instability of the resulting dispersion at 40% neutralisation. 
The values for water absorption are shown in table 9.1. Water absorption was 
seen to increase with the increasing hydrophilicity of the particles. The ionic stabilising 
moiety also resulted in poorer solvent resistance as the neutralisation of the 
carboxylate anion concentration was increased from 40 to 100%. Hence, in this 
instance, microphase separation is responsible for an improvement in the mechanical 
properties. However, it is the hydrophilicity of the particles that govern the resistance 
of the resulting fi1ms to solvent attack. 
9.2 The effect of the neutralisation step 
The above samples outlined in table 9. I were post-neutralised, that IS, 
neutralisation was carried out in the water during dispersion of the prepolymer. 
In order to investigate the effect of the neutralisation process, two samples of 
identical structure were prepared. The specifications for the two samples are outlined 
in section 5.5.4. The results from the examination of these are shown in table 9.2. The 
first sample, AQI, was pre-neutralised with TEA prior to dispersion. The second 
sample, AQ2, was post-neutralised as previously outlined. In each case, the chain 
extension was carried out in the aqueous phase during prepolymer dispersion. 
The particle size of the samples were clearly different with AQ2 having a 
significantly higher particle size than AQ I. This suggests that the neutralisation 
process is important with respect to the colloidal properties of the samples. Hence, a 
number of factors have to be considered. 
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The colloidal and mechanical properties of the pre- and post-
neutralised samples 
; dfARAcTE'RIS'ATlON'; :;o'Pre-,;eutralised . Post-neutralised 
AQI AQ1 
Particle size lorn 57 171 
Latex viscosity @ 25°C 0.38 0.37 
/Pas 
Tensile strength /MPa 50 35 
Elongation 1% 314 369 
Tgs 1°C -52 -40 
Tgh/oC 78 40 
Solvent spot 33 30 
Swelling (%) 
2-Butanone 133 193 
IPA 231 120 
DMF D D 
Water 56 34 
Xylene 84 96 
When neutralisation is carried out in the water phase, competition between the chain 
extender and the neutralising cation takes place. If the NCO groups react exclusively 
with the primary amine extender high molecular weight dispersions are formed as 
shown in reaction scheme I. 
-NH~NH-NHbNt+w-­
substituted urea 
Reaction scheme I 
However, if a significant number of these primary amine groups take part in 
neutralising the carboxylic groups in preference to the tertiary amine, chain extension is 
poorer and lower molecular weights result. Reaction scheme 11 shows the chain 
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extender acting as the neutraIising agent. This alone, as shown earlier in the chain 
extension studies, can have a dramatic effect on the physical properties of the sample. 
.. + 
"" ... "" J'., ... """"" 
00- +NH3 
I 
/-"NCO 
NHrNH-
o 
Reaction scheme n 
However, it is also important to consider the reaction of the NCO end groups with 
water. The presence of the tertiary amine catalyses this reaction and facilitates the 
formation of amine end groups. These subsequently react with other NCO groups and 
fonn urea groups. See reaction scheme ID. This, again, can affect the mechanical 
properties and the morphology of the polyurethane. These three points must be 
considered when explaining the differences in the physical properties of the two 
samples .. 
----; .. ~[ -NHCOOH ] ----; .. ~ -NH2 
unstable 
Reaction scheme ID 
The mechanical properties of the two samples are shown in table 9.2 and there is a 
significant difference. The pre-neutralised sample exhibited a hlgher tensile strength, 
but lower elongation at break compared to that of the post-neutralised sample. The 
DMTA traces of both samples are shown in figure 9.4 and the values Tgs and Tgh, 
corresponding to relaxations of the soft and hard segments, respectively, are shown in 
table 9.2. These hlghlight the greater degree of segregation in the pre-neutralised 
sample AQI. The Tgs value for AQI (-S2°C) is significantly lower than for AQ2 
(-40°C). This suggests that pre-neutralisation facilitates a hlgher degree of segregation 
of the hard and soft domains. This results in an improvement in the strength of the 
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film, though the elongation decreases somewhat. Similarly, the high temperature 
transition, Tgh, as a consequence of hard phase relaxations, decreases in temperature 
in AQ2 which is indictative of hard / soft domain mixing and lower cohesion in the 
hard domains. 
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Loss modulus vs. temperature plots of AQl (+) and AQ2 (X). 
Apparently, post-neutralisation encourages the side reactions mentioned above to take 
place and, these not only effect the colloidal properties, bnt also the mechanical 
properties of the sample. Therefore, this decrease in strength is the result of poorer 
chain extension as a consequence of competition between hydrazine monohydrate and 
triethylamine, the chain extender and the neutralising cation, respectively, in addition to 
the NCO - water reaction. Results from the earlier study in Chapter 7 seem to support 
this. The study of the effect of the level of chain extension showed the dependence of 
the molecular weight and phase morphological development on the degree of chain 
extension. Since pre-neutralising the acid groups prior to dispersion limits the 
disruption of chain extension, it is a fair prediction that interference of the chain 
extension process due to post-neutralisation results in this poorer property 
development. The lower molecular weight of AQ2 could certainly explain its higher 
particle size. TIle probability of each polymer chain possessing a DMPA molecule 
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decreases at lower molecular weight. Therefore, the potential for more chains to be 
devoid of DMPA increases as the molecular weight decreases. Hence, the particles 
tend to agglomerate and this is observed as an increase in particle size. 
However, the solvent resistance of the two filrns were reasonably good and 
there was little difference between the samples. AQ2 showed a slightly increased 
resistance to swelling in IPA and water. This could be the consequence of some 
branching resulting from the chain extender taking part in neutralisation of the 
carboxylic acid groups. 
9.3 The effect of the stabilising species 
The structure of the three ionic groups are outlined in figure 5.1. TIle infra-red 
spectrum of the sulphonate diol is shown in figure 9.5. 
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Infra-red spectrum of tbe sulphonate diol used in polyurethane 
synthesis. 
The specifications of the three samples are outlined in table 5.25. DMBA has 
. excellent solubility compared to DMPA and so makes it easier to use for polyurethane 
prepolymer dispersion (14). Table 9.3 compares the solubilities as supplied by Nagase 
(14) for DMBA and DMPA in a number of solvents. 
The differences in the particle sizes of the DMBA and DMPA derived samples 
are presented in table 9.4. The differences in the solubilities of the two ionic species is 
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responsible for their significantly differing colloidal properties. The higher solubiIity of 
DMBA should facilitate a better distnlmtion of the ionic groups in the dispersed 
particles. It has been reported (15) that dispersions having well distributed ionic 
groups tend to be more stable. In addition, the greater hydrophobic character of 
DMBA perhaps results in a reduction in the mean volume of the particles. This results 
in a dispersion viscosity lower than that for the DMPA sample despite a lower particle 
size. Unfortunately, there have been few studies of the DMBA stabilised sample, and 
to date there is no related work in the literature. 
Table 9.3 
Table 9.4 
Tbe differing solubilities of DMPA and DMBA (22) 
[soit'"c~·t~';::"n··~;~'·OKiPX"·'·U ~=:-~'" Oi\lRX .. : 
~ '. :~:c"·ir .r .. ';:'. (i?1(j(~'solvent)~;~, . (g/IOOg solvent) i i-__ ,_ .~ 4 .... ~. '-. ~_ I ___ _",_ 
Acetone I 15 
2-Butanone 0.5 7 
MIBK 0.1 2 
Colloidal and mechanical properties of samples with different 
ionic moieties 
f{~iI~RA:(fiJ@:l~iiliO:~i~'ii)SH~:.rl~o~l B:~ ~r~·f6';F·t 
~.,.,.", .... _,_"~ ... ".,,,--._ .... ~,~"' • .,.:, "I~ ......... ..,..,..¥ ... >tw ..... ~ .... ~ '._,-,"., .~.\ 
Particle size Inm 57 36 55 
Latex viscosity @ 25°C 0.34 0.31 0.41 
/Pa.s 
Tensile strength lMPa 50 41 22 
Elongation 1% 314 407 471 
TgslOC 
·52 -45 -40 
Tgh 1°C 78 75 30 
Solvent spot 33 30 24 
Swelling (%) 
2-Butanone 133 387 214 
IPA 231 190 181 
DMF D D D 
Water 56 36 114 
Xylene 84 90 161 
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Another advantage of using DMBA is the increase in steric hindrance of the 
pendant acid groups. The bulkier CH3CHr moiety further prevents reaction of the 
acid groups with the isocyanate groups of the prepolymer. The COOHINCO reaction 
is more favourable at higher temperatures, and consequently results in the formation of 
fewer carboxylate anions on neutralisation, in addition to a depleted number of NCO 
groups. Hence, this reaction leads to branching which can significantly affect the 
viscosity of the prepolymer. 
Comparing the colloidal properties of the DMPA and SDA-derived samples 
there appeared to be little difference in their particle sizes. This is slightly unexpected 
considering the higher molecular weight of the SDA (474) compared to DMPA (134). 
The increasing flexibility of the SDA moiety should augment the soft segments and 
consequently result in a decrease in particle size. Perhaps the increasing flexibility is 
not significant in this case. 
The mechanical properties of the three samples are outlined in table 9.4. The 
DMBA and DMPA samples clearly exhibited greater strength compared to the SDA 
sample. This is seen in table 9.4 as a two-fold increase in the tensile strength of the 
carboxylate stabilised samples. The level of CHDM also plays a significant role here in 
property development. This is highlighted from the mechanical properties of these 
samples. Because DMPA and DMBA have similar molecular weights, 134 and 148 
respectively, the level of CHDM remains almost constant in both. However, 
incorporation of the SDA moiety, at the expense ofa high level ofCHDM (to maintain 
an NCO/OH of 2 and hard segment content of 54wt%), and its greater flexibility 
results in increasing elasticity but lower tensile strength. The DMP A and DMBA 
components augment the hard domains. However, the SDA moiety tends to augment 
the soft domains and the resultant films tend to possess lower strength. The extent to 
which this occurs is shown clearly in the DMTA traces in figure 9.6. The trace for 
SDA is significantly different from those of the other two samples. Three important 
points should be noted here from comparing these three mechanical spectra. Firstly, 
only one major transition is observed for the SDA sample. This transition, 
corresponding to the soft domains, appears at -39°C and is significantly higher than for 
the other samples. Hence, in this case, the SDA-derived PU has a greater degree of 
component mixing with hard segments dispersed in the continuous soft segment 
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matrix. Hence, the results from the tensile tests and these DMT A studies suggest that 
a greater number of hard-soft segment interactions take place with SDA incorporation. 
nle phosphoric acid residues built into the sulphonate diol are also expected to play an 
important role in hydrogen bonding, though to a lesser degree than corresponding 
C=O groups due to the greater electronegativity of the phosphorus atom Hence, 
examination of the structure of the diol suggests that there are a greater number of 
hydrogen bonding sites in the SDA derived sample. However, as explained earlier, 
hydrogen bonding between the S03' and P=O groups of the stabilising moiety with the 
electron acceptors of the hard segments on adjacent chains only serves to enhance 
hard-soft segment mixing. 
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Figure 9.6 Loss modulus vs. temperature plots of DMPA (+), DMBA (0) and 
SDA (X). 
Secondly, there is no significant high temperature transition corresponding to 
the hard component which is clearly seen in the DMPA and DMBA samples. Instead, 
a broad shoulder adjacent to the main transition is seen starting at approximately 25°C. 
Again, the hard segments dispersed in the soft component increases the soft segment 
tTansition (Tgs), whilst the opposite effect is observed fOT the high tempeTatuTe 
tTansition (Tgh). FinaUy, the soft segment has a significantly gTeateT loss modulus 
which is indicative of the gTeater contribution of the sulphonate diol to the soft 
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domains. It is the contnl>utory effect from the ionic moiety to the soft domains and the 
lower level of CHDM that results in the sample's greater fleXIbility. This is highlighted 
by the SDA sample possessing a higher elongation at break; see table 9.4. Therefore, 
though these samples were all prepared with a 54wt% hard segment content, the 
contribution of the ionic moiety to the hard segments is significantly lower for the 
SDA-derived sample. 
Likewise, the greater segment segregation for the DMPA sample results in it 
possessing greater strength compared to that of the DMBA stabilised sample. This 
presumably is due to an increasing number of interactions between hard segments. The 
CH3CH2- group is also likely to inhibit chain alignment in a sirni1ar manner (16) to 
those PUs prepared using a polypropylene glycol soft segment. 
The prepolymers of each sample were also examined prior to dispersion in 
order to establish the contribution from the ionic component in the development of the 
observed properties. In order to do this, the Arrhenius equation (17) for flow was 
used. See equation 1. 
l] = kexp EalRT (1) 
Ea is the activation energy, l] is the viscosity of the polymer melt, R is the molar gas 
constant and T is absolute temperature. 
Viscosity measurements were obtained at increasing temperatures for the three 
prepolymers and a plot oflog l] versus liT using equation 2 was constructed. 
log l] = log k + Ea/RT (2) 
A linear relationship was found to exist, as shown in figure 9.7, for the three samples. 
The viscosity values are also shown in table 9.5. 
Table 9.S Viscosity versus temperature data for the SDA, DMPA and DMBA 
stabilised samples 
323 3.10 1.13 1.10 0.79 
328 3.05 1.06 0.87 0.57 
333 3.00 0.95 0.68 0.55 
338 2.95 0.74 0.59 0.54 
343 2.92 0.54 0.43 0.53 
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Values for the activation energy (Ea) for each sample were calculated from the slope in 
order to obtain an estimation of the degree of ionic association taking place in the PU 
melt. The values for Ea are also shown in table 9.6. 
Table 9.6 The flow activation energies (Ea) for the SDA. DMPA and DMBA 
stabilised prepolymers 
, . .. ... r" ......•.... ,~ 
~S!Jmplc', '.'[!J ... '~', 
, ' 1 ; 
. . (kJmol ) ': 
.:'. ",~.-:. ,..:-'.'.L",:.,...::.,~. :",:;.~':,J{:2; 
DMPA 61.2 
DMBA 67.3 
SDA 23.2 
From table 9.6, the values of Ea can be placed in increasing order of SDA < DMPA < 
DMBA Increase in temperature has a more drastic effect on polymers having a higher 
activation energy than those with lower activation energies (18). Also, non-polar 
materials such as polyethylene tend to have low flow activation energies because the 
forces between the chains are typically small However, for more polar molecules such 
as polymethyl methacrylate an increased number of polar interactions between adjacent 
molecular chains are possible. 
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Hence, such materials have higher Ea values. Therefore, the values of Ea obtained for 
the three samples suggest increasing polarity from SDA - DMPA - DMBA. However, 
the three samples are based on very similar polyurethane backbones and it would be 
naive to consider these differences as simply due to decreasing polarity. The major 
difference in these samples is the nature of the ionic component, and, hence, the 
explanation for the difference lies here. Therefore, it is more important to consider the 
attractive forces between adjacent chains as a consequence of hydrogen bonding and 
ionic association. It is reasonable to conclude that the Ea values for DMPA and 
DMBA are very similar, especially when comparing these to that for the SDA sample. 
The degree of association in the molten state should reflect the ability of the samples to 
hydrogen bond and form clustered regions in the solid state. Viscous flow involves 
conformational change of the molecules, so that the more random they are the easier it 
is to change this conformation. Therefore, the SDA sample appears to associate 
strongly compared to the carboxylate-stabilised samples. It is clearly less affected by 
increasing temperature compared to the other samples. This is consistent with studies 
of carboxylate and sulphonate-stabilised samples by Cooper et al (19) and Eisenberg 
(20). 
Eisenberg et al. (20) discovered multiplets in sulphonated styrene ionomers to 
be more stable at elevated temperatures than the corresponding carboxylate ionomers. 
They suggest that this was because of the greater electrostatic attraction between 
sulphonate ion pairs compared to carboxylate ion pairs. Cooper's work (19) 
complimented that of Eisenberg's in his study of carboxylated and sulphonated 
polyurethane ionomers 
Sulphonate groups form larger ionic clusters than carboxylate groups as a 
result of greater dipole-dipole interactions (21). Lunberg and Makowski (22), 
studying sulphonated and carboxylated styrene ionomers, discovered from melt 
rheology studies that sulphonated ionomers formed stronger physical crosslinks than 
those from the comparable carboxylated ionomers. 
Hence, considering work from the literature and the evidence provided here of 
stronger ionic association by the sulphonate groups in the molten state, the tensile 
properties tend to contradict this. The weaker acid strength of the carboxylate groups 
should lead to weaker physical crosslinks and result in decreased tensile properties. 
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This was clearly not the case. Also, the carboxylate ionomers should give significantly 
higher soft segment transitions attributable to a lower degree of phase separation. 
Again, the results here are contrary to this. However, these studies do not dispute that 
the sulphonate groups form stronger physical crosslinks resulting in bigger clusters as 
observed by Eisenberg et al(20). However, the carboxylate and sulphonate samples 
here cannot be directly compared in the way Cooper and Eisenberg did. Obviously, 
there is no evidence to suggest the sulphonate groups do not cluster. However, the 
increasing flexibility of the sulphonate dio~ in this case, is the determining factor with 
respect to the mechanical properties exhibited by the sample. It has already been 
mentioned that the SDA moiety tends to augment the soft segments and any ionic 
interactions involving the sulphonate groups only serves to increase the degree of hard 
- soft segment mixing. Also, this results in smaller hard segments in the SDA sample, 
which is expected to have a significant effect. The DMTA studies have been shown to 
support this. The degree of component segregation in these carboxylate and 
sulphonate samples is the primary factor for property development, and not the ability 
of the ionic groups to form ion-rich clusters. 
The rheology results for the DMPA and DMBA samples are consistent with the 
tensile properties and DMTA results. The ionic species, DMPA and DMBA, are 
relatively similar in structure and molecular weight, and, therefore, it is reasonable to 
expect the tensile properties and DMTA studies to reflect the similarities in their Ea 
values. Perhaps the carboxylate groups ofDMPA tend to associate to a greater degree 
than those of DMBA. This may be due to the increased steric hindrance of the 
carboxylate groups in DMBA which inhibits chain alignment. This results in a lower 
degree of segregation of the hard and soft domains and lower tensile strength. This 
logic may also be applied in order to explain the differences in solvent susceptibility of 
the films. These are shown in table 9.4 for the solvent spot testing. 
OveraR the DMPA-derived sample exhibited the highest microphase separation 
and consequently higher strength, and improved solvent resistance compared to the 
other samples. The use of DMBA makes ionomer preparation easier due to its higher 
solubility and a lesser need for the use of powerful solvents (NMP), whilst maintaining 
many of the properties of DMPA ionomers. The SDA gave films of greater elasticity 
and because it is supplied as the sulphonate it is easier to incorporate into the PU 
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backbone. The other advantage of the SDA over DMPA and DMBA is it forms films 
of high elasticity and, because it is a liquid it can be used without the aid of solvent. 
Another thing to consider is the neutralising cation or counterion. The 
carboxylic acid groups in DMBA and DMPA were neutralised with TEA, whilst 
sodium hydroxide was used in the case of the sulphonate diol The counterion has 
been reported in the literature as having a significant affect on the colloidal properties 
of DMPA stabilised PUs. However, no studies have examined the effect of the 
counterions, ammonium and metal cations, on the structure and mechanical properties 
of PUs. Hence, in order to examine this, the effect of the counterion was investigated 
for DMPA-based PUs. 
9.4 The effect ofthe neutralising cation 
The specifications for these samples are outlined in table 5.15. Table 9.7 shows 
the particle size of the samples ionised with Na+ (INORGl), K+ (INORG2), R3~ 
(ORGl) and NH3+ (ORG2). The particle sizes can be placed in increasing order 
INORGl< INORG2< ORG2< ORGl. The zeta potentials (23) for the samples have 
been quoted in the literature as being in the opposite order to particle size. In ionomer 
dispersions, the ionic centres are located on the particle surface of the dispersed 
particle and particle stabilisation is facilitated by the formation of a diffuse double 
layer. This double layer is formed by the dissociation of the carboxylate salt groups at 
the particle interface. The carboxylate anions bound to the polyurethane backbone 
remain at the particle surface, but the counterions migrate into the aqueous phase as 
far as they are allowed by the attractive forces imposed on them by the carboxylate 
anions. Hence, a layer of decreasing electrical charge is produced. This possesses an 
electrokinetic or zeta potential between the particles and this is responsible for the 
dispersion's stability. Generally smaller particles are obtained at higher zeta potentials 
(negative values). From the results of the colloidal investigation of the samples 
outlined in table 9.7, it is clear that the dispersions containing the metal cations result 
in a smaller particle size than those neutralised by TEA, ammonia and other ammonium 
compounds (23). This confirms that the alkali metal cation is more easily hydrated in 
the aqueous phase compared to the latter. It has also been shown that alkyl 
substituents (23) on the ammonium cations greatly effect its hydration ability and 
hence, particle size. This can occur to such an extent that, for example, when 
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tripropy1amine is used the particle size increases to such a degree that coagulation 
results in dispersion instability. 
Table 9.7 Conoidal and mechanical properties of samples neutralised with 
different cations 
:CHAR-XCTERISAT10N-;:lNORGT'- INQRCi-o - "oRcf-- ---6RG2~ 
; J , ~ ",'. !,.' . 
~ '>. Nu ~ , ~K-> : RJN t N H3 I 
.. , • • A • ...., 0 o· 
" 
_ ... -",~ ' • .o! "" ~ '" ... ~ • . . -•. 
Particle size lrun 101 123 171 156 
Latex viscosity @ 25°C 0.26 0.41 0.37 0.Q2 
/Pas 
Tensile strength IMPa 37 32 35 42 
Elongation 1% 275 352 369 300 
Tgs IOC 
-45 -44 -40 -46 
Tgh IOC 35 35 40 63 
The tensile properties of the samples are also included in table 9.7. The ionic 
potential cjl has been empiricany defined by Cartledge (24) using the fonowing 
expression. 
cjl = cation charge (q) I cation radius (r) 
Increasing ionic potential on going from ORG I to ORG2 results in a higher 
tensile strength but lower elongation. This is probably due to enhancement of the 
coulombic forces which improve the mechanical properties. This is also consistent for 
the alkali metal ions as the ionic potential increases from INORG2 to INORG I. This 
is consistent with work by Frisch et al. (25) who studied the mechanical properties of 
anionomers neutralised with a number of metal cations. 
The differences in ionic potential of the counterion also influence the 
morphology of the samples. The DMTA traces for an the samples are shown in figure 
9.8. ORG2 clearly exhibits a more phase segregated structure than ORGI. However, 
there appeared to be little difference in the morphologies of INORGl and 2. This 
suggests that the primary factor in property development for the alkali metal samples is 
the increasing ionic potential on going from INORG2 to INORGI. For ORGI and 2 
the development of a two phase morphology is contributory to the mechanical 
properties: However, the difference in ionic potential would also be expected to 
influence the morphology. This is the case for ORG 1 and 2. 
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Loss modulus vs. temperature plots of INORGl (NaOH) (+), 
INORG2 (KOH) (X), ORGl (TEA) (0) and ORG2 (N~OH) (*). 
Rosthauser and Nachtkamp (26) report that by neutralising the anionic groups 
with mixtures of counterions synergistic properties could be achieved. They report an 
improvement of the hydrolytic stability of carboxylate-stabilised PUs when ammonium 
and alkali metal ions are used. TGA data of INORGI, INORG2 and ORGI did 
highlight some slight differences in their thermal stabilities as ShOWll in figure 9.9. 
TGA data on PUs have been obtained from Petrovic et al. (27) who studied PUs with 
differing soft segment lengths, and by Chen et al. (23) who studied the effect of the 
counterion on the degradation mechanism of PU anionomers. The TGA traces 
highlight the difference in stability of the ammonium and alkali metal ions. ORG I 
appears to have a greater thermal stability than INORG 1 and 2. However, ORG I has 
a lower degree of stability in the initial stages of decomposition. Also, the PUs 
containing TEA lose weight in two stages, but those containing KOH and NaOH tend 
to lose weight in three stages. 
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Weight Loss (%) vs. temperature plot of INORGl, INORG2 and 
ORGl. 
The swelling and solvent spot studies highlight the samples' very different 
solvent resistance. The greater hydration ability of the alkali metal ions results in poor 
solvent tolerance, as shown by the results of INORG I and 2 in table 9.8, especially in 
water. In many of the solvents used in the swelling studies the films were easily 
dissolved. A similar trend relating the hydrating ability of the ammonium ions was 
encountered with respect to solvent swelling and the solvent spot tests. Increasing 
swelling was observed in all the solvents on going from ORGl to ORG2, and, ORG2 
exhibited poor performance in the solvent spot tests. 
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Table 9.8 Determination of the solvent susceptibility of the samples 
neutralised witb different cations 
CHARACTERISATION INORGI INORG2 ORGI ORG2 
Na+ K- RJN- NH': 
Solvent spot 
Acetone 5 6 5 3 
Toluene 10 9 10 10 
THF 0 0 0 0 
IPA I 1 0 1 
MeOH 0 0 1 0 
CH2Cl, 5 5 4 2 
Water 1 1 10 10 
Swelling (%) 
2-Butanone D D 193 305 
IPA 78 D 120 178 
DMF D D D D 
Water 276 15 34 38 
Xylene 168 141 96 115 
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CHAPTER 10 A study to investigate the effect of increasing the hard segment 
content 
A number of samples based on IPDI, CHDM, DMPA and a PTHF2000 soft 
segment were studied to identifY the effect of increasing hard segment content (HSC). 
The samples were all chain extended with hydrazine monohydrate and had a constant 
prepolymer NCO/OH ratio of 2 and the same level of DMPA The specifications of 
the samples are shown in table 5.16. Only the PTIIf/CHDM ratio was manipulated in 
order to vary the HSC. Therefore, the influence from the prepolymer molecular 
weight and ionic moiety could be neglected. Samples were prepared with hard 
segment contents ranging from 38 to 68 wt%. 
Table 10.1 The influence of the hard segment concentration on coUoidal 
and mechanical properties 
PJ8 P5-1 PM P68 
Particle size lrun 39 51 78 74 
Latex viscosity @ 25°C /Pas 0.43 0.43 0.42 0.41 
Prepolymer viscosity @ 5.3 6.0 7.4 7.8 
25°C !Pas 
MFr/oC <0 <0 <0 10 
Tensile strength IMPa 27 18 21 32 
Elongation fOlo 594 250 154 9 
Tgs 1°C -61 -63 -65 -66 
Tgh fOC - 55 78 103 
Contact angle with water 1° 88 76 68 56 
Solvent spot 34 24 19 29 
Melting endotherm 1°C none none none 134 and 142 
The results from a study of the colloidal properties are outlined in table 10.1. 
It is clear that increasing the HSC results in increasing particle size between 38 and 
6Owt%. This is related to the increasing level of CHDM. The colloidal properties are 
primarily governed by the hydrophilicity of the particles (I). Increasing levels of 
CHDM does not significantly effect the hydrophilicity of the PU. However, the 
increasing CHDM level does result in a decrease in the amount oflong chain polyol, in 
this case PTIlF2000, that is incorporated into the PU backbone. Therefore, there is an 
increase in the number of urethane linkages at higher hard segment concentrations. 
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Also, increasing prepolymer viscosity is observed as shown in table 10.1 because of the 
higher hydrogen bonding capability of the urethane groups. The higher prepolymer 
viscosity makes break-up into fine particles less favourable. The relationship between 
particle size and the prepolymer viscosity at 70°C is shown schematically in figure 
10.1. 
The literature suggests that at HSC exceeding 60 wt% that significant 
structural differences take place in the PU (2). The minimum film forming 
temperatures (MFT) were examined for the samples and are shown in table 10.1. At 
hard fractions above 60 wt% phase inversion readily occurs from which the PU goes 
from being tough and elastic to a brittle plastic. Hence, this change results in increased 
rigidity and the particles can no longer coalescesce to form a coherent film at such low 
temperatures. However, an MFT value of lOoe for a sample with a 68 wt% hard 
fraction is rather good and reflects the versatility of PUs as coating systems with a 
good range of mechanical properties. 
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Figure 10.1 The influence of the hard segment concentration on the particle 
size and prepolymer viscosity 
Few studies (3) have been conducted on samples with HSe exceeding 60 wt%, and 
those that have generally dealt with elastomers rather than ionomers (4). 
The mechanical properties are also shown in table 10. I. An increase in tensile 
strength was observed on increasing the HSe from 54 to 68 wt%. Increasing the 
eHDMlPTHF ratio augments the hard fraction as a result of increasing numbers of 
urethane linkages. The cohesive energy of the urethane linkages (5) contribute 
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markedly to the strength of the samples as sbown from the tensile test resuhs. The 
high tensile strength exhibited by P38 is most likely due to strain induced soft segment 
crystallinity at high levels of PTHF2000, though in these studies no such crystallinity 
was detected in unstrained samples. However, other workers (6) have reported the 
presence of soft segment crystallinity at hard fractions of less than 4Owt%. The 
crystalline soft component augments the filler effect of the hard domains and, 
consequently, an improvement in the mechanical properties is achieved. Decreasing 
levels of hard segment fractions in the PU brings about a transition in morphology (2) 
from interconnecting hard and soft segment domains to isolated hard segment domains 
dispersed in a continuous soft component matrix. Phase inversion at 50 wt% HSC has 
been indicated (7) by the use of TEM and shows the transition from a soft segment-
rich matrix to a hard segment-rich matrix. 
As a result of increasing the hard fraction, a significant decrease in the 
elongation at break was observed. Increasing restriction of the fleXIble component by 
the hard domains led to highly inextensible materials. 
The morphologies of the samples were examined by DMTA, and values for the 
soft and hard segment transitions, Tgs and Tgh, respectively, obtained from the loss 
modulus, EH, peak values. Table 10.1 shows that Tgs moves to slightly lower 
temperature (-61 to -66) as the hard segment concentration was increased from 38 to 
68 wt%. This transition, commonly used to assess the degree of hard-soft component 
mixing, suggests that increasingly phase separated domains are obtained with 
increasing HSC. However, Seefried et a1. (8), examining a series of elastomers based 
on polycaprolactone soft segments of molecular weights 830 and 2100, reported that 
for the lower molecular weight soft segment increasing the hard fraction favoured 
component mixing and Tgs increased. However, for the series of elastomers based on 
polycaprolactone 2100, they discovered little change in Tgs with increasing HSC. 
They suggest that for materials possessing phase segregated morphologies that the soft 
segment Tg is unaffected by the HSC. Similarly, it reasonable to conclude that using a 
PTHF2000 soft segment results in minimal component mixing and the Tgs is 
unaffected by the HSC. This seems reasonable from the results since the soft 
component Tg only shifts 5°C over a 30 wt% increase in the hard fraction. For 
samp les where comp onent mixing is high, increasing the hard fraction restricts the soft 
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segments and motion becomes more difficult. The hard domains act as physical 
crosslinks and, consequently, increasing HSC resuhs in an increasing number of these 
crosslinks, and the T g of the soft domains shifts to higher temperature as the material 
loses its flexibility. However, in samples where a high degree of segregation is 
encountered, the soft and hard segments act as separate entities, and therefore, 
increases in the hard fraction do not affect Tgs (9). Hence, the samples studied here, 
P38 to 68, possess highly segregated morphologies compared to those studied by 
Zdrahala et al. (7). 
The DMTA traces of the samples are presented in figure 10.2 as plots of En 
and storage modulus, E', versus temperature. The initial decrease in the storage 
modulus occurs within a small temperature range for polymers of increasing HSC. 
Also, P68, having the highest hard segment fraction, exhibited a much broader and less 
drastic modulus change with temperature. It also has higher modulus values at 
elevated temperatures. The En versus temperature plots show that two transitions are 
evident for P54, P60 and P68 corresponding to Tgs and Tgh. Comparison of these 
highlights the relative constancy of Tgs, and it reflects the broadening of the glass 
transition region with increasing hard fraction concentration. Tgs also decreases in 
magnitude from P38 to P68 with a decreasing contnbution from the soft segment 
domains. The high temperature transition, Tgh, moves progressively to higher 
temperature with increasing HSC. Greater cohesion in the hard domains is observed at 
high HSC due to the contribution from the increasing number of urethane groups. In 
fact, the contnbution of the hard domains in P38 is so minimal that a high temperature 
transition was only just detectable. Therefore, the high tensile strength ofP38 must be 
the consequence of strain induced soft segment crystallinity reinforcing the hard 
component or some other mechanism. 
Crystallinity was identified for P68 as shown in the DSC thermogram in figure 
10.3. The temperature at which the melting endotherm appears suggests hard segment 
crystallinity. This is surprising because of the unsymmetrical structure of IPOI. 
However, the phase segregated morphology, in addition to the high cohesive energy of 
the hard domains must favour crystallinity, when the presence of the soft domains is 
low. No other useful information regarding morphology could be obtained from the 
DSC thermograms. 
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The tan 0 versus temperature plots are shown in figure 10.4. Similarly to 
previous studies (2), the tan 0 peak corresponding to the soft component decreased in 
magnitude and broadened as the hard segment concentration was increased. However. 
contrary to Seemed et al. (8), studying a PCL2100IMDIIBD series of samples, the 
transition tended towards lower temperature. This suggests an increase in segmental 
segregation and is consistent with work carried out on polyureas (10) of increasing 
hard segment concentration. The samples P38 to 68 are all polyurethaneureas, and 
similarly, the shift in the tan 0 peak is a consequence of an increase in tbe number of 
uretbane groups . 
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Hashimoto et al. (11) discussed the relation between block copolymer domain 
morphology and dynamic mechanical response in terms of domain boundary mixing 
effect and mixing-in-domain effects. The laller can be considered negligible since the 
samples studied bere have highly segregated morphologies, shown by the relative 
insensitivity of the tan 0 peak to the hard segment concentration. However, there is 
likely to be a significant amount of soft segment trapped outside the soft domains, in 
210 
lOO 
--------------
Chapter 10 Hard segment concentration 
the interphase boundary. Th.is can be identified as one of the reasons for the large 
decrease in elasticity at hard segment concentrations above 60 weight %. The tan 1i 
versus temperature peak for P38 highlights its better high temperature properties. 
However, apart from the transition at approximately -60°C no other transitions were 
observed for any sample in figure 10.4. The high temperature transition observed in 
the E" versus temperature plots is clearly absent. Instead a steep slope is observed as 
the material softens and the clamp can no longer hold the test specimen sufficiently. 
Therefore, the steep rise in the tan 1i traces above 80°C corresponds to the softening 
temperature of the samples. Th.is can be suppressed by employing the shear clamping 
system The temperature at which softening occurs is clearly dependent on the hard 
segment concentration for samples P54 to 68. The softening temperature of P38, 
however, is higher than for P54 and P60, and only P68 softens at a higher temperature. 
Since, the properties of the samples at elevated temperature are a consequence of the 
hard domains P38 has an unusually high response to temperature. Therefore, 
considering this and the high tensile strength exhibited by P38, its properties must be 
related to some other mechanism, pOSSIbly strain induced soft segment crystallisation 
reinforcing the hard segments. The relation between the mechanical properties, Tgs 
and Tgh are shown schematically in figure 10.5. 
Swelling studies and solvent spot tests were employed to assess the solvent 
susceptibility of the samples. These are shown in tables 10.1 and 10.2. 
Table 10.2 The effect of the hard segment concentration on the swelling 
properties 
% Swell P38 P60 P68 
2-Butanone 689 109 324 
IPA 327 197 78 
DMF D D D 
Water 30 10 20 
Xylene 204 159 199 
Initially, swelling in all the test solvents decreased with hard segment concentration as 
a consequence of the greater presence of the hard domains. See figure 10.6. At 
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ambient conditions, segmental motion in the hard domains is 1imited. However, the 
soft component can readily undergo segmental motion under the same conditions and 
this facilitates solvent diffusion. 
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Figure 10.5 The influence of the hard segment concentration on the mechanical 
properties 
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Figure 10.6 A schematic representation of the swelling results for samples with 
increasing hard segment content 
Sreenivasan (12) reported that increasingly component-mixed morpbologies resulted in 
a decrease in swelling. He explains this phenomenon as being due to the increasing 
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restriction of the soft segments imposed on them by the hard domains. He also used an 
empirical fonnula of the foUowing fonD. 
S = A {( I-x) I (eX - I) I 
S is the equilibrium absorption of diffusant, A is an empirical constant and x is the mass 
fraction of the hard segment. However, the DMTA studies have suggested that there 
is no significant improvement in the hard - soft segment segregation in P38 to 68 and 
that the sample properties are dictated by the cohesion in the hard domains with 
increasing hard segment concentration. Therefore, the increasing hard component 
contributes a greater resistance to solvent attack. However, sample P68 swells to a 
greater extent than P60. This can be explained from the fact that P68 possesses some 
hard segment crystallinity. Hence, fewer hard-soft segment interactions exist as a 
result of crystalline development (13). Therefore, the soft segments regain some 
mobility and are easily sweUed (12). 
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Figure 10.7 The contact angle of samples of increasing hard segment 
concentration for samples with PTHFlOOO and PTHF2000 soft 
segments 
The contact angle of water on the film surfaces of each sample was examined. These 
contact angle measurements of a water droplet on the film surface of the four samples 
are shown in table 10.1. A linear relationship was fouod to exist between the contact 
angle and the HSC. The contact angle decreased as the hard fraction was increased as 
a result of the increasing hydrophilicity of the film surface (14). For comparison., a plot 
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of a similar set of samples based on a PTIlFIOOO soft segment is shown in figure 10.7. 
The same trend was observed for both sets of samples with increasing hard segment 
concentration. 
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CHAPTER 11 Conclusions and Recommendation 
This chapter outlines the conclusions from the study of water-dispersible PUs. A 
number of recommendations for future work will also be suggested. 
11.1 Conclusions 
During the work outlined here both water-bome urethane dispersions and 
urethane solutions in TIIF were successfully prepared and studied by a range of 
techniques. These techniques were successfully employed to study the morphology 
and properties of the samples outlined in Chapters 6 to 10. 
11.1.1 A study and comparison of water-borne and solvent-borne compositions 
From an initial study of a number of water-borne and solvent-borne 
compositions, the effects of molecular weight and ionic group interactions on the 
structure and properties were highlighted. Evidence has been provided for differences 
in molecular weight, as a result of chain extension, and bonding having a pronounced 
effect on the properties of both water-borne and solvent-borne samples. The 
difference in properties on comparing the water-borne and solvent-borne samples was 
discovered to lie primarily in the increasing number of ionic interactions and hydrogen 
bonds in the former. In addition, it was shown that high molecular weight PUs could 
be prepared in water, whereas solution viscosity limited the molecular weight to which 
the solvent-borne samples could be prepared. Hence, the water-based compositions 
exhibited an improvement in properties compared to the solvent-borne samples. 
Consequently, solvent-borne samples are commonly mixed with a crosslinking agent 
prior to application in order to improved the final film properties. This itself is a 
significant disadvantage of these systems. 
The importance of the chain extension process was highlighted when water-
borne and solvent-borne samples of similar molecular weight were studied. The 
structure and the properties of the two samples were very similar. The PU domain 
structure was directly related to the leVel of chaio extension and bonding within the 
samples. Segregation of the hard and soft domains diminished when the level of chain 
extender was iocreased from 98 to 120% for the dispersions and 120 to 150% for the 
solutions. Microphase separation dictated the mechanical properties and solvent 
resistance of the films. 
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Ionic group incorporation was discovered to improve the mechanical properties 
by the formation of ion-hydrogen bonds. These ion-hydrogen bonds appeared to be 
stronger than the conventional hydrogen bonds. It was this stronger bonding 
filcilitated by DMP A incorporation that resulted in the improved properties even 
though there was more mixing of the hard and soft component. 
11.1.2 A study of tbe effect of tbe cbain extension process 
In order to further study the importance of the chain extension process, a 
number of samples were prepared. Having completed a study of hydrazine 
monohydrate, carbodihydrazide and adipic dihydrazide-extended samples of varying 
molecular weight it was concluded that the HYD series exhibited the best mechanical 
properties as a consequence of their phase separated structure. In both the HYD and 
CAR series, the samples of highest molecular weight exlnoited superior mechanical 
properties and solvent resistance. The properties were discovered to become poorer 
and the hard - soft domains to increasingly mix with decreasing molecular weight. IR 
spectroscopy was successfully employed to determine the reaction kinetics of the three 
extenders, and this highlighted the poor solvation of the dihydrazides. This solvation 
problem was responsible for the dihydrazide-extended samples exlnoiting poor 
mechanical properties even though the hard segment length increased. For the ADI 
series, the properties were discovered to rely on a combination of molecular weight, as 
a result of chain extension, and the reinforcing effect of the precipitating chain 
extender. 
11.1.3 A study of tbe effect of the diisocyanate and polyol molecular weigbt and 
structure on the properties of PU anionomers 
The results from a study of the effect of the structure and molecular weight of 
the soft segment and the diisocyanate indicted that there were a great many differences 
in structure and properties possible. It was shown that the architecture of the PU can 
be manipulated in order to obtain properties to suit a range of applications. 
Microphase separation was shown to improve as the soft segment length was 
increased. However, a lower urethane concentration and the higher flexibility of the 
soft segment resulted in lower tensile strengths. PTHF-derived PUs exhibited far 
better mechanical properties than PPG-derived PUs of similar composition. The 
methyl side group in PPG was thought to hinder polymer chain alignment and the 
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formation of hydrogen bond interactions and, consequently, a lower degree of 
component segregation was observed. Similarly, PTIIF samples exhibited improved 
tensile strength and hydrolytic stability compared to a PCL-derived PU as a result of 
the PTIIF segments being able to crystallise on extension and the lower susceptibility 
of the ether oxygen to hydrolysis, respectively. 
Overall, the IPDI-based samples possessed superior mechanical properties as a 
consequence of their phase segregated structure. TMXDI-derived PUs were shown to 
produce easy-to-handle low viscosity prepolymers without the requirement for 
co solvent, and offered samples of highly elastomeric nature. Diisocyanate blends of 
IPDIIHDI and IPDI/TMXDI were successfully used in the preparation of PUs. 
Synergistic properties were obtained for the latter compared to the TMXDI based 
sample, whilst considering the difficulty encountered in preparing the HOI-derived 
sample at a similar composition, the IPDIIHDI sample provided a convenient way of 
incorporating HOI into the PU. 
11.1.4 A study of the effect of modifying the ionic moiety 
Studies similar to those above were carried out to investigate the effect of the 
neutralising moiety. This study highlighted the differences in properties that may be 
achieved by modifYing the ionic moiety or counterion. The effect of the structure of 
ionic moiety, the degree of neutralisation, the neutralising process and the type of 
counterion used were all investigated. It was discovered that microphase separation 
was the primary factor in the development of good mechanical properties. This was 
discovered to depend on the neutralisation process, the degree of ionisation, the 
counterion and the type of ionic component used. Increasingly phase segregated 
morphologies and improving mechanical properties were achieved with increasing 
neutralisation. This was discovered to result from increasing numbers of coulombic 
and ionic interactions as a consequence of the carboxylate anion. Similarly, pre-
neutralisation of the pendant carboxylic acid groups resulted in a more phase 
segregated morphology due to minimisation of the potential side reactions that could 
take place. These side reactions are thought to be responsible for poorer property 
development. Carboxylate ionomers exhibited a higher strength than the sulphonate 
ionomer examined. However, the sulphonate diol's improved processability compared 
to DMPA and DMBA, and the high elasticity of the resultant polyurethanes, make it 
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useful in polyurethane synthesis. The effect of the neutra1ising cation was also 
highlighted for ammonium and alkali metal ions. The counterion was discovered to 
affect significantly the colloidal and mechanical properties of the PU. 
11.1.5 A study of the effect of increasing hard segment concentration 
A number of PTHF2000-derived samples with increasing hard segment concentrations 
were prepared and the effect on the morphology and properties studied. It was 
discovered that the films went from being highly elastic to hard brittle materials as 
phase inversion occurred at a hard segment content of approximately 60 wt%. The 
soft segment Tg did not significantly change with increasing hard segment 
concentration. However, the hard segment Tg tended towards higher temperatures 
with the increasing presence of the hard domains. The tensile strength increased with 
increasing hard segment content but there was a significant decrease in the elasticity. 
The solvent spot tests and contact angles highlighted the increasing polarity of the 
films. Overall, a decrease in the resistance of the films to solvent attack was 
encountered with increasing hard segment concentration. However, the PU with a 68 
wt% hard segment did show an improvement in solvent resistance due to crystallinity 
of the hard domains. 
11.2 General conclusions 
The studies here have highlighted the versatility of PU ionomers. The 
diisocyanate, polyol and stabilising moiety all significantly effect the final PU and an 
understanding of the morphology and its relation to the properties is essential The 
chain extension process can be used to control the microphase separation of the PU. 
Many of the studies here have highlighted the advantages obtained with respect of a 
combination of properties by controlling the segregation of the hard and soft domains. 
Generally, better properties are achieved when the mixing of the soft and hard 
component is low. 
11.3 Recommendations 
A significant amount of research has been undertaken, but in order to study the 
properties and the morphology of the samples further other techniques may need to be 
introduced. These most likely will include X-ray analysis, modulated temperature 
differential scanning calorimetry (MT-DSC) and microscopy. 
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I. Sma1I angle X-ray analysis (SAXS) has been used with great success (1-3) to 
examine the hard domains in a range ofpolymer systems. It is commonly recognised 
that the ionic groups in ionomers aggregate (4) into muhiplets and into even larger 
aggregates caIled clusters. These aggregates have been identified as being largely 
responsible for many of the unique properties offered by ionomers (4). Therefore, it is 
important to gain an understanding of the nature of these in order to be able to relate 
them to the properties of the samples. 
DMT A studies have provided information regarding the segregation of the hard and 
soft domains (5-7), but relatively little regarding the nature of the hard segment. 
Therefore, X-ray analysis techniques (9) are commonly employed specifica1ly to probe 
the hard domains. By identifYing the size of the muItiplets and clusters in the samples, 
it may provide important information regarding the difference in the properties of the 
samples. Sma1I angle X-ray aoalysis is being undertaken at Zeneca to identifY 
differences in the aggregating ability of the HXD series. These will be published in a 
future commnnication. 
2. Many techniques (10-12) have been employed for the study of phase 
separation. The main one used throughout these studies, DMTA, proved useful in 
identifYing the hard aod soft segment traositions. From this a determination of the 
degree of segregation of the phases could be made. PUs are one of a range of multi-
component polymeric materials that are commercia1ly importaot. As for PUs, many of 
these exhibit phase separation. A common feature of all these is the presence of a 
large interfacial region between the microphases. These interfaces are important in 
controlling the properties of the sample aod the ability to optimise the interface is 
recognised as the key feature in developing materials with improved properties. SAXS 
aod neutron scattering (13), DMTA (14) aod TEM (IS) have all been employed for 
this purpose, but experimental difficulties have limited their use. A newer method, M-
IDSe, has been successfully used to probe the interfacial region of a number of blends 
(16). This technique was used to examine a number of selected samples in this study. 
However, the apparatus available would only allow the study at temperatures above -
30oe. The MT-DSe data should be compared with that obtained from the DMTA. 
MT -DSe may prove useful in probing the difference in structure. 
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3. Electron microscopy may also provide valuable information regarding the 
morphology of the samples. TEM (11) has commonly been employed with some 
success to investigate PU morphology. Chen et al (16) obtained TEM micrographs 
for a number of samples showing their differing morphologies. The difficuhy lies in 
distinguishing between the hard and soft domains. TEM requires that one of the 
phases be stained. However, the staining medium commonly used, osmium tetroxide, 
cannot be used in this instance. 
4 It would be very useful to obtain a technique to establish the absolute 
molecular weight of the samples, especially for the samples where the level of chain 
extension was varied. GPC in DMF has been employed and was successful in 
illustrating the differences in molecular weight for the HYD series of samples; see 
Chapter 7. Obviously, however, it would be more conclusive to have a set of absolute 
values. Vapour pressure osmometry will be carried out at Lancaster University. These 
results should be available in the near future and will be published in a future 
communication. Another technique which was employed to determine the number 
average molecular weight was end group analysis. However, the poor solubility in 
many of the solvents used limited the success of this technique. 
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(a) Calculation of tbe bard segment concentration by weigbt (wt%) 
The hard segment concentration was calculated from the equation below 
. ( DMPA + CHDM + diisocyanate + CE ) 100.
' Hard segment concentratlon = x I. polyol + DMPA + CHDM + diisocyanate + CE 
(b) Calculation of tbe ionic content by weigbt (wt%) 
The amount of ionic moiety used in the preparation on the PUs was quoted in wt%. 
This was simply calculated by dividing the mass of DMPA by the total mass of the 
prepolymer as shown. 
wt% ionic content = ( DMPA ) X 100% 
DMPA + polyol + diisocyanate + CHDM 
(c) Calculation of the level of cbain extender required 
To calculate the level of chain extender required for chain extension the following 
calculation was carried out as shown below. This is quoted as a percentage in the 
specifications in chapter 5. 
moles of NCO in 200g of prepolymer before reaction 
NCO = (2 x mass of diisocyanate) 
M. wt. of diisocyanate 
moles of NCO in 200g of prepolymer after reaction (NCO/OH = 2) 
NCO = (
2 ~.:S:;~:::::::t~e) +2 ....................................................... (1) 
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moles of NCO to be chain extended (98%) 
NCO = (I) x 0.98 
Mass of NH, required for chain extension 
NH, = ( I) x 0.98) x (molecular weight ofNHl) ...................................... (2) 
Mass of chain extender required to supply NH, for chain extension 
molecular weight of chain extender 
chain extension = (2) x -----"'-------
2 x molecular weight ofNHl 
(d) Calculation ofthe amount of TEA required for neutralisation 
The amount of TEA required to neutralise the carboxylic acid groups of the stabilising 
moiety was calculated as shown below. The neutralisation level was quoted as a 
percentage of the total number of acid groups neutralised. 
. (mass ofDMPA ) moles of DMP A m prepolymer = 
molecular weight ofDMPA 
o " _ ( mass ofDMPA ) 
moles of DMPA for 40 Vo neutralisation - x 0.40 .......... (3) 
molecular weight ofDMPA 
I mass of TEA required to neutralise DMP A = (3) x molecular weight of TEA 
(e) Calculation of the amount of water required for 35% solids content 
The amount of solvent required to achieve the desired total solids content was 
calculated as follows. 
r' ( mass of cosolvent ) 
so ,ds content m prepolymer = I - .................... (4) 
total mass ofprepolymer 
Iprepolymer solids = mass ofprepolymer x (4) ...................................................... (5) 
for 35% total solids content amount of water required = (5) ) - mass ofprepolymer 
0.35 
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